





Naval Research, 21x roca 


Two / 1987 ; - 


wa ALIAS Vol es | F 

















Surf Zone and Beach Dynamics 


The United States Marine Corps and Navy SEALs 
know full well the importance of understanding how nature 
operates in the beach/surf zone. For a quarter century, the 
Office of Naval Research (ONR) has been the forefront 
agency in supporting science that reveals the intricacies 
of this dynamic, sometimes violent environment. The most 
surprising result has been the realization and confirma- 
tion that the most important waves in the surf zone are 
not necessarily the obvious wind waves which break at 
the shore, but rather long-period (30 seconds —5 minutes 
period) which move Jateral to the shore. These are trap- 
ped by nearshore topography and have maximum energy 





™ : a, 
Along shore effects of wave motions 


in the surf zone. First proposed by Walter Munk in 1948, 
‘edge waves’ became firmly validated in nearshore 
hydrodynamics after more than a decade of research, mid 
60s to early ’80s. This research was led primarily by scien- 
tists of Scripps Institution of Oceanography under ONR 
support. 

This understanding is essential for the accurate predic- 
tion of beach changes, during and after storms. These 
predictions are required for precise definition of naval lan- 
ding conditions and the construction of temporary harbor 
facilities required for getting heavy equipment ashore, after 
the initial landings, on open coasts. 
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A quantum state transfer device fabricated at the Naval Research Laboratory on an artificially 
structured semiconductor by molecular beam epitaxy. This device demonstrates the phenomenon of 
resonant tunneling between adjacent semiconductor quantum energy wells. This mechanism may find 
application in the next generation of ultra high speed device technologies which may switch ina tenth 
of one picosecond. (See article on page 2) 
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By Gerald M. Borsuk 
Naval Research Laboratory 


The silicon transistor and its incorporation into ever 
more complex and dense planar very large scale digital 
integrated circuits (VLSI) has been the key element driv- 
ing rapid advances in information, computer and electronic 
technologies. These high technologies have been action 
multipliers for economic growth, productivity enhance- 
ment, and standard of living improvements in the second 
half of the 20th century. However, there are signs that this 
extraordinary pace in traditional microelectronics will be 
slowing. This paper will examine the factors which in- 
fluence near term technological development and explore 
the science and technology issues that will be necessary 
to set electronics on another revolutionary expansion as 
the 2lst century is approached. 


Background 


The scientific foundation of these electronic advances 
has been the uncovering of the fortuitous properties of 
crystalline silicon material. Silicon can be grown with high 
purity and low bulk defects, has the relatively advantageous 
electronic bandgap of 1.12 eV, good thermal conductivity, 
and allows the growth by thermal oxidation of high quality 
silicon dioxide thin films with low interface defect den- 
sity. The important technological elements that have 
enabled the drive to increased density of active devices 
on a single monolithic substrate has been the ability to 
use optical lithography as the patterning tool, batch fabrica- 
tion processes, and the advantageous physical attributes 
of scaled down device dimensions. Although other more 
optimal models exist, the constant electric field model for 
MOSFET scaling can be used as an example of the at- 
tributes of scaling to smaller dimensions. Applying this 
model shows that as device geometries are reduced by a 
scaling factor(>1), the number of devices per unit area is 
increased by the square of this scaling factor, delay time 
between active devices is reduced to first order by the scal- 
ing factor, and power dissipation is reduced by the square 
of the scaling factor. The resulting power-delay product 
is reduced by the cube of the scaling factor. As an exam- 
ple, scaling down transistor feature size from 2 micrometers 
to 1 micrometer results in almost an order of magnitude 
improvement in power-delay product. These advantageous 
scaling attributes have been the driving force behind 
Moore's law which states that monolithic integrated cir- 
cuit density increases by about a factor of four every two 
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years. Remarkably, Moore's law has accurately predicted 
the pace of increased monolithic circuit integration since 
the early 1960’s. This relationship between integrated cir- 
cuit chip density and year in which the chip became com- 
mercially available is shown in Figure | for dynamic ran- 
dom access memories (DRAMs). The plots are similar 
for other integrated circuit types such as those for logic. 
Significant impediments to maintaining the historical rate 
of miniaturization exist. For near term conventional 
technologies, these impediments include the limitations 
imposed by the failure of device scaling, excessive inter- 
chip signal propagation delays between gates due to ar- 
chitecture dependent interconnections; the difficulties in 
maintaining acceptable yields as material and process- 
related defects play an increased role in small geometry 
structures; the high cost of capital equipment, particularly 
in lithographic tools necessary to manufacture the ICs; and 
the impending limitations in time efficient design of new 
generations of these circuits. Not withstanding these dif- 
ficulties, projections for the next seven years envision the 
continued pace of miniaturization as shown in Table 1.! 
These levels of integration in silicon VLSI are likely to 
be achieved because scaling to the necessary device feature 
size of about 0.2 micrometers will still result in advan- 
tageous device and circuit properties such as higher speed 
and manageable power dissipation on the chip level. Reduc- 
ing feature sizes much below about 0.2 micrometers will 
introduce significant fundamental problems in the perform- 
ance of traditional three terminal devices and high den- 
sity circuits as well as in the processes for low cost fabrica- 
tion. Fundamental device physics limitations to scaling 
include drain junction breakdown, hot electron injection 
into thin gate oxides at the drain, Fowler-Nordheim tun- 
neling through thin gate oxides, resistance of shallow junc- 
tions needed to maintain long channel device behavior, and 
threshold voltage scaling failure due to the difference in 
work function between gate material and the channel in- 
version layer. There is, however, significant advantage to 
be realized by continued miniaturization. Signal propaga- 
tion delay between gates will decrease because of decreased 
interconnection length. Increased levels of monolithic in- 
tegration will be crucial to achievement of higher perform- 
ance, greater functionality, and increased reliability. Also, 
new forms of computer functionality, such as associative 
memory, may open completely new avenues to computer 
science. 








Figure 1 


The relationship between dynamic random access mem- 
ory integrated circuit component density and the year 
the chip became commercially available. 
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The major research approach to achieving the goals 
of a new generation of ultra high density nanometric cir- 
cuits centers upon artificially structured materials. Ad- 
vances in material growth techniques by molecular beam 
epitaxy and other methods have produced layers of 
semiconductor materials one atomic layer at a time with 
precise control of the number and stoichiometry of these 
layers. Much has been learned about the electronic prop- 
erties of these microstructures and many technologically 
useful applications in photonics and solid state devices have 
already been found. However, in terms of ultra small 
features only half of the problem has been solved. Con- 
trol of the planar dimension to nanometric tolerances will 
be necessary to fulfill the promise of a new generation 
of integrated circuits. Therefore monolithic circuits based 
upon nanometric devices will require advances in mate- 
rial science, specifically in artificially structured crystals; 
in process science, specifically in the areas of dimensional 
control and yield; in device physics, specifically address- 
ing low power dissipation, low noise, and minimized 
parasitics; and in circuit architectures and function, 
specifically in the area of massively interconnected de- 
vice functions. 


Table 1 
Trends in silicon VLSI DRAM Sc. 





MEMORY SIZE FIRST REPORTED AVAILABLE FEATURE SIZE 
64K 1978 1980 3 MICRONS 
256K 1980 1983 1.5 MICRONS 
1M 1984 1986 1 MICRON 
4M 1986 1988? 1 MICRON 
16M 1987* 1990? “5 MICRONS 
54M ? 1992? <0.5 MICRONS 
256M** ? 1994? 0.25 MICRONS 
*REPORTED AT THE FEB. 1987 ISSCC **SRC GOALS 
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An important issue to be examined is whether silicon 
or compound semiconductor materials will evolve as the 
basis for nanometric technologies of the future. Gallium 
arsenide and similar compound semiconductors are im- 
portant electronic materials. These materials form the basis 
of significant optoelectronic and rf analog technologies in 
part because of their direct bandgap, high electron 
mobilities, and lattice matched heterostructure properties. 
Two important properties of these materials give them a 
distinct advantage over silicon in the realization of 
nanometer technologies. First, quantum effects in electronic 
transport occur in structures with larger dimensions than 
silicon because the effective mass of electrons in these 
materials is significantly less than in silicon. Second, the 
opportunities for making new artificially structured hetero- 
epitaxial thin layered materials with the engineered elec- 
tronic and opto-electronic properties which give rise to 
quantum effects are greater because of the lattice matching 
properties of ternary and quaternary derivatives of the cor- 
responding group III and V elements. However, electronic 
quantum transport phenomena can be observed in silicon 
structures.? Low temperature silicon deposition by MBE, 
for example, may produce new avenues for novel silicon 
based layered devices. However, the amenable manufac- 
turing attributes of silicon will produce tremendous in- 
centive to continue its use regardless of high density cir- 
cuit maturity. It may be more economical to find new 
packaging and cooling methods and to improve yield for 
minimum design rule traditional silicon technologies than 
to make a major commitment to bring to production emerg- 
ing nanometric technologies. The rate of scientific pro- 
gress in the nano-regime over the next five to seven years 
in materials, processing science, and device physics will 
be the crucial factors pacing the insertion of nanometric 
technologies into the market place. These factors are 
discussed below. 








Scientific Progress Required 


Materials 


The constituent materials important for accessing 
future nanometric electronics are semiconductor bulk 
crystals, artificially structured materials, and grown or 
deposited materials that are an integral part of the fabrica- 
tion process. All of these areas of material science will 
be important in determining future trends in nanometric 
devices. 

Bulk crystal materials form the host substrate for ar- 
tificially layered structures. The required physical proper- 
ties of these substrate materials include low surface disloca- 
tion density, lattice parameters that match those of the 
epitaxial layers, and well characterized and controlled 
defects. Technological requirements include the ability to 
produce the material in large volume, in large diameter 
wafers, with well controlled surface topographies, and at 
low cost relative to the totai cost of wafer fabrication. The 
two most technologically advanced bulk semiconductor 
materials are silicon and gallium arsenide. Silicon has been 
and will remain for the next seven to ten years the pre- 
dominant starting material for digital ultra large scale in- 
tegration. Most silicon starting material is grown by the 
Czochralski method. The quality of this material is ade- 
quate for present and near term extension of silicon 
technology. Important impurities in silicon starting mate- 
rial made by the Czochralski method are carbon and ox- 
ygen. Although carbon is electrically inactive, its pres- 
ence is undesirable because it aids the formation of defects. 
Substantial improvement in the quality of GaAs starting 
material will be necessary. Specifically, reduction and con- 
trol of defects will be necessary if this class of compound 
semiconductor bulk crystal material is to be highly useful 
for high density nanometric circuits. 

Non-equilibrium growth and synthesis techniques have 
produced new artificially structured epitaxial materials with 
unique electrical, optical, and mechanical properties. The 
ability to deposit specific species of atoms or molecules 
on semiconductor substrates in the thickness of one atomic 
layer with a given stoichiometry is the essential require- 
ment for electronic materials of the next century. The con- 
trollable properties of these artificially structured materials 
of most value to nanometric electronics are listed in Table 
2. The methods used to synthesize these multilayer 
materials include molecular beam epitaxy (MBE), metal- 
organic chemical vapor deposition (MOCVD), liquid and 
solid phase epitaxy, and sputtering and ion beam deposi- 
tion. Of these approaches, molecular beam epitaxy is used 
most frequently in research which requires the greatest 
control over layer interface abruptness. MBE is a low 
temperature ultra-high vacuum growth method. The ma- 
jor impediment to its use as a production deposition ap- 
paratus is the slow growth rate of layers, limited running 


4 Naval Research Reviews 


time between re-charges, and surface oval defects. A 
photograph of a typical MBE instrument is shown in Fig- 
ure 2. MOCVD is a low or atmospheric pressure, low 
temperature method for multi-layer deposition of a broad 
range of materials. This method holds great promise for 
economical production of layered_starting material for 
future nanometric electronics because of its capability to 
deposit thin layers rapidly over large substrate areas in- 
cluding materials, such as refractories, for which MBE 
is unsuited. Present limitations of MOCVD for large scale 
production are a lack of suitable metal-organic carrier gases 
for several technologically important types of impurity 
dopants, and film contamination by unwanted impurities 
present in the gas. Research to overcome these limitations 
is on-going. Environmental pollution and safety are also 
important issues because of the toxicity several commonly 
used gases. 





Figure 2 


A molecular beam epitaxy (MBE) apparatus. 











Table 2 


Controllable properties of artificially structured materials. 





e EFFECTIVE DIMENSIONALITY 

¢ BAND STRUCTURE 

‘e BAND GAP 

¢ POTENTIAL ENERGY PROFILE 

e CARRIER CONCENTRATION, MOBILITY, EFFECTIVE 
MASS 

¢ IMPURITY BINDING ENERGY 

¢ LATTICE CONSTANT 

¢ ELECTRONIC DENSITY OF STATES 

¢ MAGNETIZATION 

¢ SUPERCONDUCDTING TRANSITION TEMPERATURE 

¢ STRENGTH, STIFFNESS, DUCTILITY 





A very significant breakthrough in superconducting 
materials has occurred recently which may have a major 
effect on high density integrated circuits. A new class of 
superconducting materials > whose zero resistance tran- 
sition temperature has been measured to be as high as 93K 
has been reported.* This temperature is well above that 
of liquid nitrogen which is an economical refrigerant. The 
possibility of still yet higher transition temperatures in 
related materials is likely. Potential applications of this ma- 
terial to nanometric ultra high density circuits include in- 
terconnects between active devices as well as the possibility 
of new types of active devices. A zero resistance inter- 
connect superconducting line exhibits no thermal dissipa- 
tion and zero dispersion. The former condition reduces 
total heat generated per unit volume and relaxes the need 
for high gain devices while the latter condition reduces 
the propagation time of signals between active devices. 
To be technologically useful for electronic applications, 
these new high Tc materials will have to be deposited in 
high quality crack-free thin films and have critical cur- 
rent densities in excess of about 10° amperes per cen- 
timeter squared. At the present time the scientific 
understanding of these materials is increasing at an astound- 
ing rate. It is impossible at this time to predict the total 
impact these materials will have on the future of ultra-high 
density integrated circuits. 





Processing Science 


Pattern definition (lithography), pattern transfer 
(etching), and low temperature processes require substantial 
research to extend present technology to the nanometer 
regime. Planar processes must be developed that achieve 
reproducible results in nanometric dimensions over large 
areas without creating yield-inhibiting defects. Advances 
in lithography, etching; and low temperature deposition 
processes are necessary. 

The three performance parameters of significance for 
lithography are resolution, registration, and throughput. 
Energy sources used to expose or otherwise produce the 
pattern may be photons, electrons, or ions. The three 
lithographic techniques for performing the exposure are 
proximity or contact printing, projection printing, and 
focused beam direct writing. In the near term, optical 
lithography for ultra large scale integration (ULSI) may 
be extended to 0.25 micrometer design rules by direct step 
on wafer projection aligners now in development. These 
steppers use short UV optical columns and excimer laser 
sources. For feature sizes much less then 0.25 micrometers, 
optical lithography becomes resolution limited because of 
diffraction. X-ray lithography by proximity printing is the 
approach most likely to become the high through-put 
manufacturing lithographic tool for patterning features less 
than 0.25 micrometers to about 10 nanometers in dimen- 
sion. Radiation for such exposure tools may come from 
synchrotron storage rings, plasma sources (e.g. laser heated 
plasma sources), or traditional electron-impact vacuum 
sources. Electron beam lithography is important for both 
present and future lithographic processes. Well developed 
e-beam tools are used for producing masks for other 
lithographic manufacturing processes as well as a direct 
write-on-resist tool for producing structures with nanometer 
dimensions for research purposes. For both electron beam 
and x-ray exposure, radiation sensitive polymer resists are 
used. The chemical changes in the resist, necessary for 
pattern definition, are produced by the slow secondary elec- 
trons produced in the irradiation process. These electrons 
form a scattering and straggling cloud which sets the 
ultimate resolution limits for these forms of lithography. 
Ions are also used as a source of radiation for lithography 
both as focussed-ion and masked-ion beam technologies. 
However, radiation damage in the substrate appears to set 
a significant limitation to this approach for achieving 
nanometer geometries since focussing and exposure re- 
quires high ion energies. Figure 3 summarizes the various 
approaches to lithography as a function of design rules 
and projects limits of these approaches for the nanometer 


regime. 
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Figure 3 


Approaches to lithography, mask making, and 
replication. 





DESIGN RULES LITHOGRAPHIC APPROACH 





MASKED =FOCUSSED = FOCUSSED SCANNING 
ened OPTICAL LASER e-BEAM 10N BEAM TUNN. MICROSC. 
VHSIC_——» | 
DEEP UV 
pe LIMIT OF 
um— | LENS MTLS 
X-RAY 
SYNAPSE | oawact 
001m ss ? ? u 
ELECTRON STRUGGLING LIMIT 
0001.m cm Speen 
5 a 








ATOMIC SIZE LIMIT = 3A 





All these lithographic methods require advances in 
resist technology. Such developments are not trivial because 
higher resolution patterning requires thinner resist films 
which are sufficiently robust to withstand pattern transfer 
mechanisms. New resist materials based upon polysilox- 
anes are being developed as possible e-beam resists, and 
organic monolayers deposited by Langmuir-Blodgett tech- 
niques also are being investigated. There are, however, 
several approaches to patterning which are not dependent 
upon the exposure of resists. In one such approach being 
investigated at the Naval Research Laboratory, incident 
electrons produce core-holes in physisorbed molecules like 
nitrogen on silicon. Using the Knoteck-Feibleman proc- 
ess, it may be possible to produce a monolayer of silicon 
nitride in the local region exposed to the electron beam. 
Another approach with some promise for patterning in the 
nano-regime is based upon the scanning tunneling 
microscope (STM). Surface resolution at the atomic scale 
has already been demonstrated by existing instruments. 
Lithography may be possible by inelastic tunnelling process 
on surfaces using the STM probe, depositing conducting 
materials resistant to subsequent etching processes, or ex- 
posing organic, inorganic, or halide resist systems.> In all 
cases which use focussed or point beams to perform pat- 
tern definition, two significant factors are the time 
necessary to write the complete pattern and the accuracy 
of the shapes produced when correlated with the original 
data set design. Thus, writing speed and noise in the com- 
puter driven beam control system will be the practical fac- 
tors determining the applicability of these tools to 
manufacturing. 
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Pattern transfer of small features is accomplished in 
present processes almost entirely by dry etching as op- 
posed to wet etching. Table 3 lists the qualities of these 
two approaches. An approach to dry etching which has 
promise for extension to pattern transfer in the nanometric 
regime is chemically assisted ion beam etching. This pro- 
cess uses inert ions, such as argon, which bombard the 
surface to be etched and stimulate highly selective etching 
by chemically active gases. Figure 4 shows the increase 
of etch rate in the presence of an ion beam as opposed 
to that rate in which either ions or chemically active gases 
are used by themselves.® Much is not understood about 
this process. Research based upon in-situ optical probes 
and Raman spectroscopy is being brought to bear on the 
problem to identify the mechanisms which are occurring 
within one or two monolayers of the surface. This 
understanding will lead to advances in the technological 
significance of this form of dry etching. Direct pattern 
transfer by focused ion beam writing is also possible if 
substrate damage could be made negligible. 

Other process related issues that need attention to ex- 
tend current technology to the nanometer regime are: con- 
trol of dimensional non-uniformity; control of the structure 
of interfacial regions; and reliability of small devices 
specifically in the areas of electromigration, process in- 
duced damage, and single event upsets. In particular, the 
degradation of carrier mobility due to surface and inter- 
face scattering, film stress, and charge trapping will be 
an important performance issue in new device structures. 
These effects are predicted to disappear with the advent 
of atomically perfect interfaces and surfaces produced by 
low temperature MBE or MOCVD. Fluctuations in dimen- 
sional uniformity will also be a major issue in nanometric 
devices. 





Table 3 


A comparison of wet and ary processes for pattern 
transfer. 





WET ETCHING 

¢ CRYSTAL ORIENTATION DEPENDENCE 

e SELECTIVITY GOOD, DEPTH CONTROL POOR 
¢ SIDEWALL CONTROL LIMITED 


DRY ETCHING 

¢ GOOD SELECTIVITY 

¢ GOOD ANISOTROPY, SIDEWALL CONTROL 
e GOOD DEPTH CONTROL 


¢ POTENTIAL FOR MASKLESS ETCHING WITH 
FOCUSSED IONS 











Figure 4 


Synergy of chemical and ion bombardment effects for 
anisotropic dry etching (ref. 6). 
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Device Physics 


The important properties of new devices for future 
nanometer circuits are charge transport, noise, and very 
low heat dissipation. The ability to form artificially struc- 
tured materials by MBE and MOCVD produce unique 
scientific opportunities for the study of charge transport 
phenomena in layered microstructures as well as the ex- 
ploitation of these effects for new devices. Doping superlat- 
tices, compositional superlattices, and quantum well struc- 
tures have been produced in semiconductors and metals. 
The most extensively studied material system is that of 
GaAs/AIGaAs. This is due in large part to the direct band- 
gap of GaAs and its alloys, and the ability to form lattice 
matched layers over a wide range of stoichiometry. For 
example, scientific studies have included measuring the 
effects of confinement on shallow donor binding energy 
in quantum wells,’ changes in the effective bandgap of 
doping superlattices and modulation of the bandgap of com- 
positional superlattices by strain are but a few. The first 
technologically significant exploitation of artificially struc- 
tured materials has been modulation doping.*® In its 
rudimentary form, a two dimensional electron gas is 
formed at the interface between a highly n* doped 
AlGaAs layer and an intrinsic layer of GaAs. Because the 
conduction band of the AlGaAs is higher in energy than 
is GaAs, donor electrons from the AlGaAs are confined 
to the GaAs side of the interface in which there are few 
donor impurity scattering centers to impede mobility. This 
modulation doping mechanism for enhancing electron 
mobility above that which is normally. found in the active 
device channel has been exploited technologically to make 
a new type of field effect transistor called the MODFET 
which exhibits high switching speed and high 
transconductance. 


Figure 5 


Schematic cross-section of a single well double-barrier 
resonant tunneling structure and its corresponding |-V 
characteristic. (ref. 9) 
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Another phenomenon which is characterized by in- 
herently high speed is that of charge transport by quan- 
tum mechanical tunneling. This mechanism is one which 
may be used for switching between novel devices in 
nanometer circuits of the future. Figure 5 shows the cross 
section of a single well double barrier resonant tunneling 
structure and a corresponding I-V curve for such a device 
showing negative differential resistance attributed to tun- 
neling of electrons through the quantum well. Resonant 
tunneling occurs when bias conditions place the quantized 
electron sub-band in the GaAs well opposite the Fermi 
energy for carriers in the GaAs region beyond the AlGaAs 
barrier. As increasing bias voltage moves the sub-band 
below the energy of the electrons, in the GaAs contact re- 
gion, the current decreases. The charge transport through 
the barrier can be faster then 0.1 picoseconds. Another 
type of resonant tunneling device is the quantum state 
transfer device™ illustrated in Figure 6. A photomicro- 
graph of this device is shown on the cover of this issue. 
In this device a high mobility GaAs channel is separated 
from a lower mobility AlGaAs channel by a thin (<IO0A) 
barrier of AlGaAs formed with high Al content. The elec- 
trons are in quantized sub-bands at zero bias potential 
across the device. As their energy increases under an ap- 
plied electric field, tunneling through the barrier into the 
lower mobility channel occurs when the sub-band energies 
coincide, producing negative differential resistance. As in 
the resonant tunneling device, charge transport through 
the thin barrier region is extraordinarily fast. Finally, an- 
other new class of high speed device structure is based 
upon Aharonov-Bohm quantum interference of electrons. 
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|-V characteristics of a quantum state transfer device 
showing negative differential resistance. (ref. 10) 


Figure 7 


Novel three terminal solid state switch which utilizes the 
superconducting proximity effect. 
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A suitably small conducting channel is separated into two 
parallel contiguous conducting channels. A controlled 
phase shift is applied to one arm of the device by either 
an applied electric or magnetic field. Recombination of 
the two arms produce an interferometric effect which 
modulates the current through the device. Devices based 
upon this effect offer interesting possibilities of extraor- 
dinarily low power dissipation and picosecond switch- 
ing.'! They inherently require nanometer feature sizes to 
produce quantum wavefunction phase coherence. 
Aharonov-Bohm interference oscillations have been 
observed experimentally in GaAs heterostrucutres!? as 
well as certain metallic structures. Other novel approaches 
to active devices rely upon conducting channels created 
by the superconducting proximity effect'? as shown in 
Figure 7. The device is a semiconductor-coupled Josephson 
junction in which the insulated gate serves to modulate 
the channel inversion layer between the two Nb supercon- 
ductors. The discovery of new high temperature supercon- 
ductor materials promises to revitalize research into novel 
superconductor devices. 

In the more distant future, devices which consist of 
structures only a few nanometers thick will exhibit one- 
dimensional effects. In these structures electrons cannot 
get past each other except by hopping. Localization ef- 
fects may further hamper transport. 


8 Naval Research Reviews 

















NORMAL 
_ GATE(Au) 
SUPERCONDUCTING ++ Si INSULATOR 
‘SUPERCONDUCTING 
_ |___ DRAIN 
SOURCE r\ (Nb) 
(Nb) “ \ 
‘ \ 
ages ammonia agen /’\ Sag NRE 
INVERSION LAYER 
p - InAs 
p~2x10 cm 
By, 240 cm Ns 





Noise will be a fundamental limiting factor in 
nanometric devices. Operating voltages of nanometric cir- 
cuits are likely to be substantially lower than present 3 
and 5 volt values to maintain reliability and lower power 
dissipation. Therefore, noise margins will be reduced. 
Thermal noise can be reduced by cooling if necessary. 
However, shot noise will increase in significance at reduced 
voltages. One possibility is to suppress shot noise using 
Coulomb interactions in charge transport analogous to the 
extremely strong depression of shot noise by space charge 
in vacuum electronic devices. In nanometric devices 
these interactions may make it possible to create electron- 
electron correlation for emission over or tunneling through 
a barrier. The effect of dimensional non-uniformities is 
also likely to manifest itself as fluctuation noise in 
nanometer structures. A sound understanding of these ef- 
fects, based upon new ideas in statistical mechanics, will 
be necessary. 

Nanometric monolithic circuits will require devices 
with very low heat dissipation to maintain operating 
temperatures within the device which do not cause 
reliability and performance degradation. The ability to 
maintain a prescribed temperature is to first order depend- 
ent upon the thermal conductivity of the semiconductor 
substrate material. Of the common semiconductor 
materials, silicon has the best thermal conductivity at room 
temperature (1.5 W/cm-K). GaAs has a thermal conduc- 
tivity at room temperature of 0.46 W/cm-K while diamond 
is over an order of magnitude better at 21 W/cm-K. At 
low temperatures (15-100 K) thermal conductivity of all 
these materials improves and the performance gap between 
diamond, silicon, and GaAs closes. Technological ap- 
proaches to facilitate heat removal may also be applicable 
such as the incorporation of passive micro-channel heat 
pipes in the chip substrate. 


The sources of power dissipation within the circuit 
arise from the finite resistance of the active device, the 
dynamic power dissipation caused by the rate of switching, 
and the resistance of the interconnections between active 
devices. The first factor will require novel device struc- 
tures which may be based upon principles’ of operation 
described earlier. Reduction in dynamic power dissipa- 
tion requires minimization of parasitic and interconnect 
capacitances. Although not a factor in present_integrated 
circuits, the finite resistance of interconnections on the 
nano-scale could make a significant contributor to dissipa- 
tion. The recent scientific breakthroughs in high 
temperature superconductor materials may obviate this 
issue. 


Circuit Architectures 


Present circuit architectures for computers and ar- 
tificial intelligence machines for the most part use the von 
Neumann approach of linear programming applied sequen- 
tially to bit-conserving electronic logic circuits (Thinking 
Machine Inc’s Connection Machine computer is a notable 
exception). This approach has led to vast improvements 
in computers centered upon the hardware development of 
the CPU/microprocessor and large core/DRAM memo- 
ries. However, a major performance limiter for monolithic 
circuits is signal propagation time between gates. Present 
circuit architectures and their corresponding physical im- 
plementation do not inherently minimize the interconnec- 
tion lengths between functional logic elements. Conse- 
quently, the signal propagation time due to the 
interconnection and not the device switching speed is the 
performance limiting element in these circuits. This situa- 
tion would be exacerbated in the nanometric regime in 
which the inherent switching speeds will be one to two 
orders of magnitude faster. New approaches to computing 
algorithms and architectures are necessary. One such new 
class of algorithms for adaptive information processing is 
based upon analogies of the functional neural elements of 
the human brain and has motivated a growing number of 
new investigations into circuit architectures and implemen- 
tations. Table 4 compares some of the trade-offs between 
present computer architectures and those of the human 
brain. These differences suggest that present architectural 
approaches are not well suited to the implementation of 
electronic neural networks. Their functional ability is based 
upon large scale connectivity of primitive logic elements 
while in present machines this form of connectivity is 
limited. The human brain may have as many as 10" 
neurons each with a hundred to ten thousand synaptic in- 
put connections. There are then about 10 synapses. The 
response of these synapses are binary although their in- 
puts are analog in nature. Also there are reciprocal re- 
entrant connections. This highly parallel connectivity and 
multi-functionalism is responsible for the brain’s inherent 
immunity to single point failure. Hopfield has demonstrated 





an associative memory neural network algorithm which 
can be implemented in a specific circuit and is applicable 
to a large generic class of pattern recognition problems. © 
As a result, much interest has been focused upon neural 
network research and progress has been made in creating 
new algorithms to simulate them. In some cases the 
corresponding silicon microelectronic monolithic circuits 
have been implemented. The full realization of neural 
network computational circuits will best be realized by large 
arrays of multiply interconnected devices. These arrays 
must have the attribute of minimum interconnection lengths 
between functional elements. Such array architectures may 
be possible in the nanometeric regime. The inherent 
tolerance of neural network functionality to isolated single 
point failures may also be a crucial attribute which 
significantly impacts manufacturing yield of future 
nanometer technologies. 





Table 4 


Some comparisons between human brain function and 
present day computers. 





COMPARED TO COMPUTER/ Al MACHINE 


POWERFUL AT ARITHMETIC 


HUMAN BRAIN 

POOR AT ARITHMETIC 

GOOD AT PATTERN RECOGNITION POOR AT PATTERN RECOGNITION 

CONTENT - ADDRESSABLE MEMORIES RANDOM ACCESS MEMORIES 
(LOCATION ADDRESSABLE) 

SENSITIVE TO DEVICE FAILURE 
(ERROR CORRECTION CODES) 

NON - COLLECTIVE FUNCTION 

SLOW OPTIMIZATION PROCEDURES 


REPRODUCIBLE DEVICE ACTION 











Conclusion 


The scientific foundation for a next generation of 
revolutionary solid state electronic technologies is being 
built in laboratories throughout the world. This research 
will continue to drive the revolution in information, com- 
puter, and electronics technologies producing new, faster, 
smaller, and more powerful electronic systems. These 
future device and circuit technologies will be based upon 
structures with dimensions in the nanometric regime and 
in which quantum effects will play an important role. As 
the limitations in conventional process technology and de- 
vice physics of traditional silicon microelectronics are 
reached over the next seven to ten years, improvements 
in chip performance and device density will become in- 
cremental. Alternate approaches for continued progress 
such as low temperature operation, wafer scale integra- 
tion, novel ackaging and thermal management, advanced 
concepts in chip architecture which improve speed per- 
formance by better management of signal carrying inter- 
chip interconnections, and improvements in chip yield will 
then resist the transition to the nano-regime. The scien- 
tific and technological challenges are in themselves ex- 
traordinary. However, the basic outline of what needs to 
be accomplished is known and research opportunities are 
abundant. If the revolution caused by the silicon integrated 
circuit in our everyday life is an example of what can be 
achieved then the benefit to the realization of nanometer 
scale electronics will be enormous. Human intellect, in- 
genuity, and curiosity will surely strive to open these new 
frontiers. 
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Acoustic Images of Target 
Range in the Sonar of Bats 


By James A. Simmons 
Brown University 
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Photograph of the big brown bat, Eptesicus fuscus, showing the exter- 
nal ears, which act as receiving antennas for the bat’s sonar system. The 
horn shaped pinna is the echo gathering element, and the blade-shaped tragus 
is a secondary reflector that generates cues for determining the elevation 
of a target. The horizontal ridges on the pinna facilitate reflections towards 
the tragus for a wide range of target elevations. The sound spectrogram of 
an echolocation signal is shown below. This species emits its sonar sounds 
through the mouth. 
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This article describes work that ONR has been sup- 
porting because of its interest in theories of information 
processing that have a possible application to the problem 
of classifying transient and active acoustic signals. The 
ability of bats to perceive the environment with a biological 
form of active sonar called echolocation! provides a 
scientific opportunity to study echo signal-processing and 
real-time extraction and display of information about targets 
in echoes, and execution of decisions involving target 
localization and classification, that exceeds present 
technological capabilities. There are indications that the 
bat’s brain, acting as the sonar receiver, mixes the func- 
tions of signal reception, signal processing, target display, 
and control of spatially-oriented actions in a nested fashion 
that incorporates both parallel and hierarchical processing 
of information.* 

It would be useful to know whether the bat employs 
novel techniques either to represent and process echoes 
or to display images of targets. This article describes the 
content of the images that echolocating bats perceive along 
the psychological dimension of target range. Kftowledge 
of constraints imposed by the physiological properties of 
the bat’s auditory representation of sonar echoes (the 
biological analog-to-digital code the bat uses) leads to a 
unique interpretation of these images and helps us to 
understand the nature of the bat’s sonar receiver. 


Echolocation and Perception of 
Target Range 


Bats are mammals, belonging to the order Chiroptera, 
whose lives are almost entirely nocturnal.? They have 
evolved powered flight for locomotion and echolocation 
for orientation in darkness, and with this combination they 
achieve an unparalleled freedom of movement and action 
at night. Echolocation is a naturally-occuring adaptation 
of the vocal and auditory systems that joins their capabilities 
to create a sonar system. The bat’s larynx and vocal tract 
act as the transmitter, while the ears and auditory system 
act as the receiver.'4 An echolocating bat emits a series 
of brief, mostly ultrasonic sounds and perceives objects 
in its immediate environment from the echoes of these 
sounds that return to its ears. By reflecting sounds off ob- 
jects, the bat in effect induces them to reveal their presence, 
location, and character as though the objects themselves 
were the source of the sounds. The practice of echoloca- 
tion requires an unusual degree of coordination of sound 
production and hearing, which makes it similar in some 
respects to human speech. Whereas speech sounds lead 
eventually to representation and then perception of the ob- 
jects and ideas conveyed in words and sentences, the bat’s 
sonar sounds lead to representation and then perception 
of the spatial location and appearance of objects. Not 
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surprisingly, the bat’s auditory system is specialized for 
extracting and representing the spatial information about 
sonar targets that is conveyed to the bat by the acoustic 
features of echoes.2%’ These representations lead to 
perception of images of targets by the bat that are expressed 
in spatial coordinates or are so readily transposed into 
spatial terms that they routinely can guide the bat’s flight. 


Interception of Flying Insects by Sonar 


There are over 700 species of echolocating bats, the 
majority of which are insectivorous and make their living 
by feeding upon insects that are captured in flight after 
having been located by sonar. Bats capture flying insects 
in a stereotyped interception maneuver that is similar, and 
thus amenable to comparison, across most species. Al- 
though bats use their sonar to perceive all sorts of objects 
in their immediate vicinity—to navigate and detect obstacles 
to flight, for example—the use for which echolocation is 
most closely adapted is the detection, tracking, and iden- 
tification of prey. As evidence for this close coupling of 
echolocation to pursuit of flying insects, the structure and 
the pattern of emission of sonar sounds are correlated in 
different species with differences in the acoustic strategies 
they use for finding prey and with conditions prevailing 
from moment ta moment in each individual pursuit 
maneuver.>*%0 Furthermore, the representation of echo 
and target features in the bat’s brain closely follows the 
structure of the bat’s sonar sounds in the context of the 
interception maneuver.** The images that the bat actually 
perceives of targets depend upon the structure of the sonar 
sounds and the requirements of finding prey."2-54 It 
thus seems that the quintessential behavior for which bats 
use their sonar is the pursuit of flying insects. 

Figure 1 shows a diagram of the process of inter- 
ception of a flying insect, based upon stroboscopic 
photographs and tape recordings of numerous pursuits by 
the little brown bat, Myotis lucifugus, and the big brown 
bat, Eptesicus fuscus,'>© by the pipistrelle bat, 
Pipistrellus kuhli,"” by the horseshoe bat, Rhinolophus 
ferrumequinum,"® by the mustache bat, Pteronotus 
parnellii,'*° and by two other species of Pteronotus.”!:22 
These species represent nearly all of the different types 
of echolocation systems found among bats, and 
photographic studies establish that the interception 
maneuver appears substantially the same in all of them. 
The process of interception shows several stages that are 
associated with the pattern of emission of sonar sounds 
and other aspects of the bat’s behavior with respect to the 
target. For example, the bat regulates the rate of emission 
of its sonar sounds according to the progressively-declining 
distance to the target (see “sound track” in Figure 1) and 
follows the target’s location by keeping its head pointed 
at the target as it approaches. Photographs indicate a head- 








Figure 1 


Diagram of an interception maneuver by an 
echolocating bat.*© The bat and the insect are each 
shown as numbered images based on stroboscopic 
photographs taken at intervals of 100 msec. A thin dot- 
ted line connects corresponding images of the bat and 


the target to show target range. The flight path of the 
bat provides a “sound track” of sonar signals, with the 
occurrence of each emission indicated by a short bar 
perpendicular to the flight path at the location of the bat 
when it produced the sound. 
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aim tracking accuracy of at least 5°, and experiments under 
controlled conditions reveal that the bat’s tracking system 
probably is accurate to within | to 2°, which corresponds 
to the sharpness of target images in the horizontal 
plane.”3:24 These various tracking responses confirm that 
the bat is aware of the target’s location in three dimensions 
throughout the interception maneuver. 

The images that the bat perceives of the target 
throughout the pursuit maneuver naturally depend upon 
the characteristics of the sonar signals; these in turn pro- 
duce the echoes which give rise to the images. Figure 2 
shows the composition of the individual sonar sounds in 
a series of signals emitted by the big brown bat, Eptesicus 
fuscus, as it intercepts a flying insect.5 The sounds are 
illustrated in terms of their time-frequency structure, or 
spectrograms. A spectrogram representation is useful 
because it visually conveys more information about the 
signals than other kinds of illustrations such as their time 
waveforms or their overall spectra. This spectrogram record 
of pursuit shows 34 numbered sounds that extend over a 
period of about one-and-a-half seconds leading up to the 


capture of the insect. Each sound yields a discrete image 
of the target, and the pursuit maneuver is guided by what 
must amount to a kind of acoustically-derived motion- 
picture of the insect in relation to the attacking bat. The 
most notable features of these sounds are that they are 
frequency-modulated (FM), sweeping downward in fre- 
quency from beginning to end; they are quite brief, each 
lasting only a few milliseconds; and they contain relatively 
high sound frequencies, typically above 20 kHz. 

The first three sounds in Figure 2 sweep shallowly 
in frequency from about 28 to 22 kHz in the first harmonic 
and from 56 to 44 kHz in the second harmonic. These 
are signals used to search for targets; when the bat begins 
reacting to the target’s presence, the FM sweeps abruptly 
change from shallow to steep (compare sound No. 3 with 
sound No. 4 in Figure 2). After the target has been detected 
and pursuit is joined, the bandwidth of the sounds broadens 
considerably. Now, the first harmonic sweeps from 
50-60 kHz down to about 25 kHz, with the second har- 
monic sweeping from about 100 kHz down to 50 kHz. (Fre- 
quencies above 75 kHz do not appear in Figure 2; their 
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Figure 


A continuous spectrogram record of a sequence of — 
echolocation sounds emitted by Eptesicus fuscus during 


a@ pursuit maneuver. 
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absence is an artifact of sound absorption-by the atmosphere 
at high ultrasonic frequencies.*> Higher frequencies are 
present in recordings made with the bat closer to the 
microphone, however.) These broad FM sweeps provide 
a range of frequencies with which to form sharp, 
information-rich images of the target." The bat’s acoustic 
behavior during active pursuit documents its interest in 
the target—showing, for example, that the bat tracks the 
target’s declining range. . 

The pursuit maneuver culminates in a brief burst of 
rapidly-accelerating sonar emissions (beginning with sound 
No. 11 in Figure 2) and the actual capture of the target 
(see Figure 1). The bat reaches out at the last moment to 
seize the insect in its wing or tail membrane.”° The use 
of the flight membranes to gather in the target provides 
a valuable indication of the accuracy with which the bat 
has determined the target’s location by the end of the 
maneuver. From multiple-flash photographs of intercep- 
tions, the bat appears to know the target’s position in three 
dimensions to within about 1 to 2 cm at the moment of 
capture. By dusting insects with flour before the bat is given 
the opportunity to capture them and then measuring the 
extent of wing surface whitened from contact with targets, 
the accuracy of the bat’s reach has been confirmed at 1 
to 2 cm.”’ Photographs such as Figure 3 show the bat’s 
wing-tip curled around the target in evident anticipation 
of capture, revealing that target range is known and used 
explicitly to guide this movement. The results of all these 
observations suggest that a mechanical accuracy of reaching 
to within 1 to 2 cm of the target’s true position is suffi- 
cient to result in successful interceptions; no greater ac- 
curacy is manifested in this aspect of the bat’s behavior. 





A stroboscopic photograph of a little brown bat, Myotis 
lucifugus, reaching out to seize an airborne mealworm 
with the tip of its left wing at the culmination of a pur- 
suit. The target is outlined to make it visible against 
the highlight reflecting from the bats wing. Notice the 
shadow of the target on the wing-tip. (Photo courtesy of 
FS. Webster.) 











The Operating Range of Echolocation 


Since the primary use for echolocation is the detec- 
tion, tracking, identification, and interception of flying in- 
sects, we can take the distances over which bats encounter 
and actively pursue prey to be the operating range of 
echolocation, at least for most practical purposes. Species 
of bats differ in the distances at which they first react to 
flying insects, but these distances seldom seem to be greater 
than a few meters.* The largely ultrasonic sonar transmis- 
sions of bats occur at frequencies where the atmosphere 
is not an ideal medium for propagation. An appreciable 
fraction of the energy in echolocation sounds is absorbed 
by the air as the sound travels to and from the 
target.2>829 Furthermore, only a small fraction of the 
energy in the sound that strikes an insect-sized target is 
reflected or scattered back in the direction of the bat.?9° 
Consequently, the echoes reaching the bat’s ears are 
relatively weak under most circumstances. Aerial-feeding 
insectivorous bats typically transmit very intense sounds 
for echolocation—sound pressures of 100 to 110 dB SPL 
(peak-to-peak) are common. Nevertheless, bats must be 
fairly close to small targets to receive echoes that are audi- 
ble to them. For this reason echolocation is a relatively 
short-range mode of perception, although one must 
remember that it still permits the bat to find flying insects 
in the dark, when they cannot be seen. 

The distance at which bats can first detect small targets, 
and thus begin to actively pursue them, has been estimated 
from observation of interceptions and measured directly 
in psychophysical tests. In laboratory experiments the big 
brown bat, Eptesicus fuscus, can perceive a sphere with 
a diameter of 5 mm as far away as 3 meters, and it can 
perceive a 20 mm sphere as far away as 5 meters.*! The 
sonar echoes reaching the bat’s ears from such small 
spheres at the maximum distances of detection have 
amplitudes approximately at the bat’s threshold of hear- 
ing.>2 When bats are actually pursuing prey, they might 
not perform as well as they do in laboratory tests under 
quiet conditions, but observations of interceptions have 
shown that they certainly react to small insects and to targets 
such as 3- to 10-mm spheres at distances of about a me- 
ter.'5.!7 Eptesicus fuscus will react to individual 
mealworms thrown into the air when the target is as far 
away as 2 meters." Field observations reveal comparable 
distances of reaction to natural prey by other species of 
bats.® 

The records of sonar sounds emitted by echolocating 
bats during actual pursuit maneuvers (Figure 2) provide 
two sorts of estimates of the probable distance of detec- 
tion, and it is instructive to examine how these are ob- 
tained.'!” Eptesicus fuscus is representative of a large cat- 
egory of echolocating bats that emit predominately FM 
sonar sounds. These bats all keep their individual signals 
short enough that the emitted sound is finished well before 
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the echo of that sound starts to arrive at the bat’s ears. 1633 


When approaching a target, the bat shortens its echoloca- 
tion sounds in proportion to the decreasing interval be- 
tween emissions and echoes; or to the target’s decreasing 
distance. The bat first exhibits this progressive reduction 
in signal duration when the target is detected and it is near 
enough that the outward and return travel time of each echo 
is so short as to encroach upon the duration of the 


sound.’ As the bat flies closer to the target the signals 


become shorter and the rate of emission of sounds in- 
creases. In Fig. 1, the bat begins to accelerate the emis- 
sion of sounds following reception of the echo of sound 
No. 3. This sound has a duration of 18 msec. at a velocity 
of sound of 344 m/sec, overlap of the echo with the emis- 
sion would begin to occur when the bat is 3.1 meters from 
the target. 

The entire series of sounds shown in Figure 2 pro- 
vides a second estimate of the distance at which the bat 
first reacts to the insect’s presence. Bats of the species 
Eptesicus fuscus commonly fly at s~ 2eds of about 3.4 m/sec 
when pursuing insects in a large laboratory room." The 
bat whose sounds appear in Figure 2 first reacted after 
receiving the echo of sound No. 3, which occurs about 
a second prior to the eventual interception. Assuming a 
more-or-less straight flight-path at a constant velocity for 
the bat as it approaches the insect, the bat must have been 
somewhat nearer than 3.4 meters when it received the echo 
that provoked its response. Both of the estimates of the 
distance of detection based on the bat’s acoustic behavior 
are in reasonable agreement with the results of 
psychophysical experiments that show Eptesicus to be 
capable of detecting insect-sized targets at distances of 3 
to 5 meters. 


The Perceptual Dimension of Target 
Range 


To an echolocating bat the sensation of depth in the 
immediate environment is provided through its sonar 
system in terms of a unitary psychological dimension of 
target range. This psychophysical axis incorporates both 
the distance to individual targets as an estimate of how 
far away each is from the bat, and also the differences in 
distance to different parts of a complex target whose parts 
are distributed at intervals along the range axis. Bats ac- 
tually perceive the depth or range “profile” of a target as 
a means of determining target shape, and these differences 
are perceived around the absolute distance to the target 
as a whole. Just how information about these two different 
kinds of “depth” comes to be extracted from sonar echoes 
and then expressed together along a single psychological 
dimension can be seen from a combination of behavioral 
and physiological observations of echolocation. 

Acuity of target ranging: Bats perceive the distance to in- 
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dividual targets from the time-delay of echoes, and they 
can use time-delay to distinguish among targets located 
at different distances in terms of magnitudes along a 
psychological target-range scale.*4 For a velocity of sound 
in air of 344 m/sec, each centimeter of target range retards 
the arrival of echoes by about 58 y sec, or 5.8 msec for 
each meter. (The total path traveled by the sound is twice 
the target’s range—the distance is crossed once on the 
outgoing journey and once on thre return journey.) 
Psychophysical experiments establish the complete 
equivalence of target range and echo delay for bats.**.*5, 
so distance perception is essentially a matter of estimating 
the duration of the interval of time that elapses between 
production of sonar sounds and reception of echoes. As 
the bat approaches a target such as a flying insect, not only 
do echoes arrive after shorter and shorter delays, but the 
echoes increase progressively in amplitude (by about 12 
dB for each halving of distance) due to the shorter length 
of the path traveled to and from the target. Bats adjust the 
sensitivity of their hearing in a time-dependent manner 
during the short interval of time following the emission 
of each sonar sound, becoming more sensitive for longer 
echo delays.*© This adjustment compensates for distance- 
dependent changes in the amplitude of echoes that return 
from targets at ranges from as little as 17 cm to as much 
as 1 to 2 meters. It appears that the site of this compen- 
satory mechanism is in the bat’s middle ear, so the 
amplitude of echoes reaching the inner ear to stimulate 
auditory receptors probably does not change for most of 
the approach to a target during pursuit. Echo delay is thus 
isolated from changes in echo amplitude and is the specific 
acoustic cue for target range. This isolation is crucial 1or 
preventing the normally-occurring changes in neural 
response-latency as sounds increase in amplitude from 
distorting the perception of target range.” 

Targets are represented along the bat’s perceptual axis 
of target range as events associated with particular 
magnitudes of range. The scale of these events —that is, 
the width of the image of a target along the range axis — 
can be measured in psychophysical experiments, and the 
results depend a great deal upon the circumstances of the 
experiment. Under the best of conditions, one would like 
to know how accurately the bat can determine target 
distance from the delay of echoes as an estimate of the 
sharpness of registration of images along the range dimen- 
sion. This would provide an indication of how acutely the 
bat displays target range to itself. To obtain such an estimate, 
the bat and the target must be kept stationary because the 
distance to the target would shift if the bat or the target 
moved, disrupting the bat’s own measurement of range and, 
in turn, the experimental measurement of the bat’s percep- 
tual acuity. One should appreciate that this requires put- 
ting the bat in a fairly artificial situation—after all, the 
bat and the targets that interest it are usually in flight. 
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The experimental procedure for measuring the limiting 
acuity of target ranging depends on the fact that the bat 
emits its sonar sounds at a higher rate (10 to 30 sounds 
per second) than it scans its head back and forth to exam- 
ine targets (one or two cycles of head movement per sec- 
ond). From one sonar emission to the next, the bat’s head 
remains in about the same place; the distance that the bat’s 
head moves only adds up to substantial amounts over a 
Period of time containing perhaps 5 to 10 separate sounds. 
Consequently, if the bat could be induced to measure a 
change in the delay of echoes from one sonar emission 
to the next, that change in echo delay would be relatively 
uncontaminated by artifacts originating in the bat’s own 
movements. The bat is trained to sit on a small, elevated 
Y-shaped platform, with its starting position about at the 
center of the Y, and to broadcast its sonar sounds in the 
direction of the left and right branches of the Y.*438 
A microphone that is sensitive to ultrasonic frequencies 
is placed at the end of each arm of the Y to pick up the 
bat’s sonar emissions, and each microphone’s signal is con- 
ducted through an electronic target simulator to a 
loudspeaker placed some distance further away from the 
bat than the microphone. The electronic apparatus returns 
echoes to the bat from the loudspeaker after a predeter- 
mined delay to mimic the presence of a sonar target at a 
particular distance. With such a target simulator, one can 
expose the bat’s sonar to test signals that cannot be pro- 
duced from real objects, and the flexibility of electronic 
controls permits a direct measurement of the fine acuity 
of target ranging. In detail, the procedure is to alternate 
the arrival-time of echoes back and forth from one value 
to another by changing the electronic delay between one 
sonar sound and the next. This creates the effect of an ar- 
tifical target that jumps from one distance to another on 
succeeding echoes. The jitter is introduced around an 
average delay of 3 msec, which corresponds to a simulated 
distance of about 52 cm. The bat is trained with food as 
reward to detect this jitter in the arrival-time of echoes and 
to discriminate between the arm of the Y-shaped apparatus 
that produces jittered echoes and the arm that produces 
stationary echoes.*> The presence of jitter in the echoes 
is shifted from the left to the right from trial to trial in 
a random fashion. For its response, the bat crawls onto 
the arm of the platform that is in the direction of the jit- 
tered echoes to receive its reward, and the bat’s responses 
to the correct and incorrect arms are totalled for blocks 
of trials in which a particular jitter value is presented. By 
reducing the size of the jitter from several hundred 
microseconds to only a few microseconds in small steps, 
one can determine the acuity of echo delay perception by 
the bat. 

Figure 4A shows the percentage of errors made by 
two bats of the species Eptesicus fuscus as they 
discriminated between jittering and stationary targets in 
the experiment just described. (Data points are solid 
triangles. In such a two-choice task, perfect performance 


is Zero percent errors, and chance performance is 50 per- 
cent errors.) The bats make very few errors for jitters as 
small as a few microseconds, which corresponds to shifts 
of only a fraction of a millimeter in target range. 

Evidently the bat’s sonar receiver can extract infor- 
mation about the arrival-time of echoes and represent it 
with sufficient accuracy that a change in arrival-time of 
only about | usec is noticeable to the bat. This is an ex- 
traordinary level of acuity for target range of about 0.2 
mm, and it is easy to see that the bat’s movements during 
experimental trials, which amount to at least a centimeter 
along the range axis, would have obscured the limiting ac- 
curacy of target ranging if precautions — in the form of the 
jitter procedure—had not been taken to prevent it. 

By plotting the results of the jitter discrimination ex- 
periment as the percentage of errors, one can visualize the 
shape of the image of a target along the range axis. The 
solid triangles in Figure 4A trace out an approximation 
to this image. To the bat, a single reflecting source at a 
fixed distance must appear as a sharply-defined event a 
fraction of a millimeter wide and centered at the target's 
apparent range. There are several other features of the im- 
age that deserve attention, as well. At distances of about 
5 mm and 10mm from the target's true location, the bat 
exhibits more errors in its performance than at intermediate 
distances. These “side-peaks” in the image reveal that the 
bat must sometimes perceive the target to be displaced from 
its true location to one of these other locations. There is 
ambiguity in the bat’s perception of target range in the sense 
that several incorrect locations are occasionally confused 
with the true location. Because the bat has no indepen- 
dent means of knowing the actual location of the target, 
it sometimes responds to range jitters of 5 or 10 mm as 
though they were jitter values of zero. The presence of the 
side-peaks in the bat’s performance in the jitter discrimina- 
tion experiment is important becatse it reflects structural 
features of the sonar signals in the image of the target. 
The reality of these side-peaks was tested through addi- 
tional experiments in which the echoes being jittered were 
reduced in amplitude and mixed with broadband noise to 
tax the bat’s sonar receiver more severely. The open 
triangles in Figure 4A show the performance of one bat 
detecting echo jitter with the echoes at amplitudes in the 
vicinity of the bat’s echo-detection threshold. This threshold 
is described as 0 dB sensation level (SL), and the curves 
in Figure 4A show that the side-peak in the bat’s perfor- 
mance at 5 mm becomes more prominent as echoes de- 
cline in amplitude relative to threshold. The peculiar two- 
peaked shape of the bat’s performance for jitters between 
zero and 5 mm is enhanced when echoes are barely 
detectable. 

The acoustic cue that the bat uses to determine target 
range is the arrival-time of echoes. The bat hears the outgo- 
ing sound to mark the start of this time-interval, and recep- 
tion of the echo marks its termination. During jitter 
discrimination trials the bat emits a number of sonar sounds 
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at each target, so the image represented by the data in 
Figure 4A probably is obtained by integrating informa- 
tion across multiple emission-echo pairs. In this respect, 
too, the data from the jitter discrimination experiment are 
not realistic; normally the bat would have to judge a target’s 
momentary range from a single emission-echo pair because 
the target would have moved a great deal by the time the 
next emission-echo pair occurs. This is all right, of 
course —the intention of the jitter discrimination experi- 
ment was to measure the limiting accuracy of target rang- 
ing inherent in the bat’s sonar system, not the accuracy 
that is likely to prevail under natural conditions. 

For target ranging, the bat must specify the length of 
a time-interval bounded by the emission and the echo, and 
the accuracy of this measurement depends upon the struc- 
ture of the signals that serve to delineate the interval itself. 
It is possible to extract from the waveforms of sonar emis- 
sions and echoes a representation of all the information 
contained in these sounds that is relevant to specifying the 
length of the interval. This representation is the crosscor- 
relation function between emissions and echoes, and the 
shape of this function is related to the likelihood that the 
echo will be assigned to a particular value of delay.*? 
Figure 4A shows the crosscorrelation function (solid curve) 
for a typical emission-echo pair, recorded during a jitter 
discrimination trial, for comparison with the performance 
of the bats. The graph indicates that the bat perceives the 
distance to a target or the delay of echoes with an accuracy 
that corresponds to the half-wave-rectified crosscorrela- 
tion function between emissions and echoes. The bat’s 
sonar receiver must somehow extract a representation of 
echo delay that is equivalent to this crosscorrelation func- 
tion and then display this representation to itself, if you 
will, so as to perceive the range of the target. 

Under natural conditions the bat would never en- 
counter a target that moves back and forth in place along 
the range axis from one sonar emission to the next. The 
bat and the target usually are in flight, making both the 
form of the simulated jittering target and “e circumstances 
in which the bat observes and responds to the target highly 
artificial. The combined motion of the bat and the target 
introduces movement of the target along the range axis by 
perhaps 10 to 30 cm from one emission to the next. Such 
large shifts in range produce changes of many hundreds 
of microseconds in delay on successive echoes, which 
would completely obscure the existence of a perceptual 
accuracy of only a microsecond or two in the images that 
the bat perceives if the target remains stationary. Bats thus 
are unlikely to perceive the distance to individual sonar 
targets during pursuit as accurately as during jitter 
discrimination experiments because the target’s normal mo- 
tion would prevent the integration of information across 
multiple emission-echo pairs that leads to detection of the 
jitter. 
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Figure 4B shows the mean percentage of errors made 
by 8 bats of the species Eptesicus fuscus as they 
discriminated differences in the distance to two targets — 
the farther at a distance of 30 cm and the nearer at distances 
starting at 25 cm and moving to 30 cm is small steps.*4 
The first impression given by the data is that the bat can 
distinguish a difference no smaller than about 14 mm in 
target range under the conditions of this experiment. 
However, the bat perceives the distance to each target more 
sharply; its just that these sharper images are blurred by 
the movements of the bat’s head relative to the targets. 

Figure 4B shows a good agreement between the shifted 
or blurred envelope of the (full-wave) rectified crosscor- 
relation function and the range discrimination performance 
of the bats. From this agreement one can conclude that 
the underlying image of a target must be similar at least 
to the envelope of the crosscorrelation function. Figure 
4A carries this agreement further to show that the detail- 
ed peak structure of the function is incorporated into the 
images as well when experimental conditions are favorable. 
In the range discrimination task, the smallest detectable 
range difference is about 6 mm after the errors introduc- 
ed by the bat’s head movements are taken into considera- 
tion."2-4 It remains an open question whether the much 
finer acuity demonstrated in the jitter discrimination ex- 
periment applies as well to the range discrimination ex- 
periment. The bat’s head movements may blur the images, 
but they may also deprive the bat of the relative phase in- 
formation needed to perceive the fine structure under the 
envelope of the crosscorrelation function.*47% In any 
event, the practical target-ranging acuity shown in the range 
discrimination experiment is compatible with the accuracy 
of the bat’s reaching out to seize a flying insect. 
Perception of range-extended targets: The experiments 
described so far are. concerned with the bat’s ability to use 
the delay of echoes for determining how far away a real 
or simulated target is located. The targets are all discrete 
points along the range axis —that is, each consists of a single 
reflecting source occupying a unique position in range. 
Futhermore, each of these targets is a separate target to 
the bat. In the echo jitter discrimination experiment (Fig- 
ure 4A), the target simulator presented the bat with only 
one echo for each sonar emission; the bat had to observe 
the echoes returned for a number of successive emissions 
to gather enough information to perform the task, and the 
bat’s memory for distance from one emission to the next 
obviously must play a crucial role for the experiment to 
work.*> In the target range discrimination experiment 
(Figure 4B), the two targets were presented simultaneously 
but separated by a viewing angle of 40°, so the bat had 
to scan each target in succession to decide which was 
nearer.** Here, too, the bat’s memory for distance must 
be important. The separateness of each target to the bat 
in the range discrimination task has been confirmed by 
using a target simulator to ensure that the bat only receives 
echoes from the particular target it is pointing its sounds 








Figure 4 


Graphs comparing the performance of the big brown 
bat, Eptesicus fuscus, in different experiments involving 
perception of target range (data points with dashed 


curves labeled Bat) with the crosscorrelation functions 
(XCor) for the emissions and the echoes from the target 
(solid curves). 
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towards.> The data shown in Figures 4A and 4B thus rep- 
resent the accuracy of time-measuring processes in the bat’s 
hearing. They also represent the accuracy of absolute range 
comparisons made by the bat. Each target’s range is deter- 
mined separately for comparison with the range of another 
target, whether from one echo to the next in the jitter 
discrimination experiment or from one set of echoes to 
another in the range discrimination task. Because each 
stimulus echo is presented in isolation from others —that 
is, the echo does not overlap with others—no spectral cues 
are generated within echoes that can substitute for the use 
of temporal cues by the bat (see below). It is not yet known 
whether the bat’s head movements do more than merely 
blur the image in Figure 4A to obtain the data in Figure 
4B. Perhaps the fine structure of the image is lost, too. 

For the bat to determine differences in distance to parts 
of a target amounts to perception of the range profile of 
the target, or the extension of the target along the range 
axis, as an acoustic version of target shape. Most flying 
insects only subtend an angle of about 0.5 to 4° at distances 
of 0.5 to 1 meter, when the bat most likely is making 
judgments about target shape related to the interception 
of prey.***! The horizontal width of the image of a target 
to Eptesicus fuscus is about 3°.234 and the vertical width 
is about 6°.42 While this directional acuity is adequate to 
track and intercept prey," it is not sufficient to perceive 
the distribution of reflecting sources within an insect-sized 
target along the horizontal and vertical axes. It thus is prob- 
able that the entire perceptual attribute of target shape to 
an echolocating bat is defined in terms of the range pro- 
file of objects. To usefully distinguish among different ob- 
jects whose total size is only from one to 
several centimeters, the bat would need to perceive the 
separation of glints along the range axis with an acuity 
of better than a millimeter or so, and this is what the results 
of the jitter discrimination experiment reveal to be possi- 
ble. The jitter task is artificial and unnatural, but so is 
the question it is intended to answer. By making judgments 
of the relative distance to the parts of a complex target, 
the bat could bring its fine range acuity to bear on a 
biologically relevant task in which its own movements do 
not disrupt the crucial distance to be determined. The 
distance to the target as a whole would change as the bat 
moves closer, but the distance between the parts of the 
target would not. Only the target’s own movements will 
affect this relative distance, which could indicate that the 
target is itself alive. 

The acuity of perception of the range profile of targets 
by echolocating bats has been measured in two-choice 
discrimination tasks similar to those described above. The 
bat is presented with two targets that contain reflecting sur- 
faces separated by different distances and is trained to re- 
spond to the target with the larger or the smaller separa- 
tion. The bat receives two closely-spaced echo components 
from each target and implicitly must determine which target 
reflects double echoes having the greater or the lesser 
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separation in time. The echolocation sounds of the species 
of bats used in these experiments are typically between 
0.5 and 1.5 msec long, whereas the time separations to 
be discriminated are only a few tens of microseconds, so 
the double echoes in fact consist of two almost entirely 
overlapping replicas of the emitted signals impinging on 
the targets. This overlap generates several acoustic effects 
which the bat could use to perceive the target’s range 
profile. 

The type.of target introduced to study range profile 
discrimination by bats is a flat plate with holes of a fixed 
depth drilled part-way into its front surface.*? The target 
reflects two discrete echo components when it is oriented 
to face the bat— one component from the front surface and 
one component from the bottoms of the holes. The bat 
is trained to discriminate between a target having holes 
of one particular depth, such as 8 mm, and each of a se- 
ries of targets having holes of different depths, ranging from 
6.5 to 8 mm, for example. Figure 5 shows a bat in a hole- 
depth discrimination experiment as its selects one of the 
targets for its response. 

Other kinds of targets have been used in experiments 
on the perception of target shape by bats, but it has pro- 
ved difficult to isolate and identify echo cues unam- 
biguously in these cases.3%4!4446 Hole-depth discrimina- 
tion experiments have been conducted with several bat 
species.*>*’, and a variant using targets with granular sur- 
faces of different roughness has been tried, too.**—all 
with similar results. 

Figure 4C shows the average percentage of errors made 
by two Eptesicus fuscus as they discriminated differences 
in the depth of holes in targets.*? The targets themselves 
were 30 cm away from the bat (see Figure 5), which was 
trained to respond to a target with holes that were nominally 
8 mm deep and not to respond to targets with shallower 
holes. The graph in Figure 4C thus shows range difference 
discrimination in the millimeter region around an absolute 
range of 30 cm. The two bats discriminated the depth of 
the holes with few errors until the difference in depth fell 
below about 0.6 mm; for smaller differences they made 
a substantial percentage of errors. Following the interpreta- 
tion of Figure 4A and 4B, we can think of the result of 
the hole-depth discri ation experiment as providing an 
approximation to the image that the bat perceives of one 
reflecting surface along the range axis relative to another 
reflecting surface located about a centimeter away. This 
image evidently is about a millimeter wide. 

Figure 4D shows the percentage correct performance 
of one Eptesicus discriminating a double echo from a single 
echo for various separations of the two components of the 
double echo. The delay of the single echo is 3.3 msec, cor- 
responding to a distance of 57 cm, and the added, second 
glint in the double echo varies around this fixed center 
value. The curve traces the bat’s ability to perceive the pres- 
ence of the double glint, whether it is manifested as a 
stronger echo for zero glint separation, or as a complex 
echo for various time separations larger than zero. The 














bat is capable of easily perceiving a difference between 
zero separation and a very small separation of only 3.75 
ph. sec, and larger separations vary in their perceptual sali- 
ence in a cyclical fashion. The bat’s performance stabilizes 
at close to chance levels of correct responses for separa- 
tions larger than about 60 y sec in either direction. The 
main point to make from the data in Figure 4D is that a 
glint separation of only a few microseconds is percepti- 
ble to the bat. (The apparently paradoxical effect that 
relatively large separations of 40 to 80 yu sec are less readily 
perceived than very small separations is a consequence 
of mutual masking between the two glints.5 When the 
separation exceeds about 200 y sec, the bat’s performance 
again rises to 90% correct or better.) A closer simulation 
of the hole-depth discrimination experiment has also been 
conducted.** The results show an acuity slightly better 
than for real targets. 

The equivalent of phase coherence exhibited in the 
data from the echo jitter discrimination experiment (Fig- 
ure 4A) and the hole-depth and glint-separation discrimina- 
tion experiments (Figures 4C and 4D)show that the relative 
immunity of the target’s absolute range to head-movement 
artifacts from one echo to the next in the jitter task has 
its counterpart in the way one glint acts as a reference for 
the other glint in the experiments with complex targets. 
For now, the remaining question to ask about targets that 
are extended in range is whether their distribution along 
the range axis—which the bat can perceive as a range dif- 
ference with millimeter acuity— has an effect on the bat’s 
ability to determine the absolute distance to the entire com- 
plex target. Does the bat perceive the target to be at the 
average range of the multiple glints, or does the absolute 
target-ranging process pick up the existence of the in- 
dividual glints themselves? To examine this question, bats 
were trained in the same target ranging task used to col- 
lect the data shown in Figure 4B, but the targets were those 
from the hole-depth discrimination experiment. Instead 
of choosing the target that has the deeper holes, the bat 
must choose the target that is nearer, but now the targets 
have holes in their front surfaces. The particular targets 
used for this range discrimination experiment both have 
holes that are 8 mm deep. 

Figure 4E shows the percentage of errors made by two 
Eptesicus fuscus as they discriminate between a target with 
8-mm holes at a distance of 30 cm and another target with 
8-mm holes located at various distances from 25 cm to 
30 cm during different stages of the experiment. These 
results are different in one important respect from the 
results of the range discrimination experiment with smooth 
targets (Figure 4B). When discriminating the distance to 
targets that each present a single reflecting surface, the 
bat makes relatively few errors if the difference between 
the nearer and farther targets is more than 10 mm. However, 
when discriminating between nearer and farther targets that 
each present two distinct reflecting surfaces, the bat makes 
a substantial number of errors as long as the difference 





in distance is small enough to keep the two extended targets 
nearly overlapping in range. As soon as the difference in 
distance separates the two targets enough that one target’s 
extent along the range axis is clear of the other target's, 
the bats make few errors in the discrimination. In Figure 
4E the bats experience difficulty in distinguishing between 
the targets with holes for a range difference of as much 
as 15 mm, which would have been an easy task with smooth 
targets. The holes are 8 mm deep, which extends each target 
along the range axis by 8 mm. For these two targets to 
be far enough apart that they are as distinguishable as 
smooth targets separated in range by only 10mm, the targets 
with holes would have to be at least 18 mm apart. 





Figure 5 


A drawing showing a bat making its response in a two- 
choice hole-depth discrimination experiment. The left 
target has 8-mm holes in the surface facing the bat. The 
bat is in the act of crawling onto the left arm of the Y- 
shaped platform to register its choice of the left taryet. 

















Representation of Echoes 
and Images 


The data in Figure 4A-E illustrate how information 
about the distance to sonar targets or to parts of targets 
manifests itself in the images that bats perceive. The col- 
lective evidence from these experiments, which explore 
several different aspects of the perception of target range, 
is that the bat perceives an image of a single reflecting 
source along the range axis that corresponds to the 
crosscorrelation function between sonar emissions and 
echoes. This is the ambiguity function described in radar 
and sonar theory.*? The correspondence between the im- 
age and this function is only evident if some means are 
used to stabilize the distance to targets over the short in- 
tervals of time from one sonar emission to the next or if 
the bat is asked to determine the distance between two 
reflecting sources that constitute a single, complex target. 
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However, if the bat’s movements during the experiment 
disrupt the stability of the distance to targets while range 
judgments are in progress, the fine structure of the 
crosscorrelation function may disappear from the image, 
leaving only the envelope of this function as the image of 
a target. The fine range acuity revealed in echo jitter and 
hole-depth discrimination experiments probably is the basis 
for the bat’s perception of the shape of targets, whereas 
the coarser acuity revealed in target range discrimination 
experiments probably illustrates the accuracy of ordinary 
target range perception. The bat’s efforts to reach out and 
capture targets at the end of the pursuit maneuver are 
associated with this coarser acuity. 


The Display of Target Range 


The fine acuity of target ranging achieved in the jit- 
ter discrimination experiment depends solely upon the bat’s 
judgments of the delay of echoes. The stimuli are presented 
one-at-a-time, with no opportunity for echoes to overlap 
and generate spectral cues for the discrimination. In situa- 
tions where the delay of individual echoes carries the 
critical information the bat uses to perform a target rang- 
ing task, physiological evidence indicates that the neural 
computations which create the images are carried out in 
the time domain. The FM sweeps of individual sonar 
signals and echoes are represented in a spectrogram-like 
format within the bat’s auditory system.”*”49 Figure 6 
provides an idealized illustration of the neural spectrogram 
representations for a sonar emission and an echo from a 
target at three stages of pursuit (see Figures 1 and 2). The 
FM sweeps of emissions and echoes are encoded by the 
time-of-occurrence of nerve impulses distributed across 
different frequency-tuned channels.” The structure of 
each emission and each echo is represented by the shape 
of the corresponding volley of impulses across different 
channels, while the delay of echoes is represented by the 
interval between impulses evoked by emissions and im- 
pulses evoked by echoes within each channel. Echo delay 
is preserved at this introductory level of the auditory system 
as the delay of one spectrogram after another. 

At higher levels of the bat’s auditory system, the time- 
interval between the spectrogram of each emission and the 
spectrogram of an echo is transformed into a spatial display 
of target range.*°5? The distance to a sonar target is 
represented on the surface of the auditory cortex by the 
site of neural activity on a topographic target range “map”. 
The individual neurons in this map respond selectively 
to echoes falling in a certain span of delays, and the col- 
lective activity of all these neurons provides a spectrum 
of delay selectivity that extends from several centimeters 
to several meters. Figure 7 illustrates target-range tuning 
curves for neurons of this type. The anatomical distribu- 
tion of range-tuned neurons is systematic; adjacent points 
along the range axis are represented by neurons best tuned 
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to those points and located in adjacent positions on the 
map. For the bat to perform absolute range judgments, 
some sort of neural map seems necessary.*> However, the 
neural target-range tuning curves appear quite broad in 
comparison to the acuity of target range discrimination, 
which is in the region of a centimeter, to say nothing about 
the acuity of echo jitter discrimination, which is equivalent 
to a range acuity of a millimeter or less. It seems likely 
that the image of a target is represented by the activity of 
a population of neurons within the map as whole, and that 
some mechanism must be able to “read” the map to re- 
cover an image that is sharper than can be observed at the 
level of any one neuron. 





Figure 6 


An idealized illustration of the pattern of impulses that 
would be expected to occur in auditory nerve fibers 
when stimulated by a single sonar emission (beginning 
at time zero) and a sonar echo during the search (delay 
of 20 msec), approach (delay of 6 msec), and terminal 
(delay of 2.5 msec) stages of pursuit.’ The vertical fre- 
quency axis shows the frequencies to which hypothetical 
auditory neurons are tuned. Each dot represents a nerve 
discharge. 
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An understanding of the bat’s sonar receiver first 
depends upon learning how spectrograms can be used to 
obtain crosscorrelation functions.*4 A theoretical analysis 
of the information contained in spectrograms reveals that 
the envelope of the crosscorrelation function can be com- 
puted by spectrogram correlation.*4:>> If care is taken to 
preserve phase information at least at one frequency in 
the spectrograms for emissions and echoes, the fine struc- 
ture of the crosscorrelation function can be computed, too. 
Figure 4A shows that the image of a target corresponds 
to the half-wave-rectified crosscorrelation function. The 
bat behaves as though the output of the target-ranging com- 
ponent of its sonar receiver takes the form of this func- 
tion. How can such a display be achieved and how can 
it be read? 





Figure 7 


Target-range tuning curves from the “range map” on the 
auditory cortex of the mustache bat, Pteronotus 
parneliii. 
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The difficulty encountered in trying to relate the coarse 
accuracy of target range tuning curves of neurons (Figure 
7) to the fine acuity of target ranging (Figures 4A and even 
4B) arises from the same data that suggest some kind of 
correlation image represents targets. Perhaps the 
mechanism that reads the neural map can be made to reveal 
itself in the nature of the image that the bat perceives. The 
critical computations in spectrogram correlation involve 
keeping track of the time-interval between a nerve impulse 
representing the emission and a nerve impulse represent- 





ing an echo within each of the many frequency channels 
used to develop the spectrogram representations themselves 
(Figure 6). The bat’s auditory system explicitly converts 
the time-delay of echoes into a topographic representation, 
and the information needed to create this topographic 
representation is carried by the timing of nerve impulses 
representing emissions and echoes in each frequency chan- 
nel. The cortical target range tuning curves are not 
frequency-specific, so they probably represent a 
topographic display of neural timing information integrated 
across many frequency channels.*-°-52 However, they do 
not zepresent the timing information itself with the accuracy 
that ultimately is manifested in the bat’s. perception of 
targets, nor indeed in the original neural spectrograms.*? 
The conclusion seems inescapable that the transformation 
of timing information from the spectrograms to the target 
range tuning curves is only a partial transformation. It is 
true that a spatial interpolation process may sharpen the 
image extracted from the map, but it cannot recreate the 
fine structure that shows up in the image. The timing of 
impulses in the range-tuned neurons themselves must con- 
tribute to the process of reading the target range map. This 
is another way of saying that the map, although a spatial 
display of target range, does not express all of the preci- 
sion of the target ranging system along its spatial axis. Some 
of this precision remains in and is expressed by the tim- 
ing of events on the map rather than simply by the loca- 
tion of events on the map. One possible means for 
incorporating the timing of impulses in range-tuned neurons 
as part of the map-reading process would be to assign the 
image of a target to a population of neurons that discharge 
simultaneously, discarding the information contributed by 
neurons that discharge too soon or too late with respect 
to the bulk of the population. This and similar hypotheses 
about the retrieval of images from the map are presently 
being explored through physiological experiments in several 
laboratories. 


The Display of Target Shape 


In experiments with bats discriminating the depth of 
holes in targets, the echoes consist of two closely-spaced 
replicas of the emitted sound. The replicas are separated 
by relatively short time-intervals. Acoustic measurements 
of the echoes reflected by targets with 8-mm holes show 
the separation of echo components to be only about 50 
to 60 y sec. It is theoretically possible to determine the 
depth of the holes by detecting the presence of two distinct 
echo components separated in time by 50 to 60 x sec. How- 
ever, the bat’s sonar sounds are about one millisecond long 
in this experiment, so the echoes actually consist of al- 
most completely overlapping replicas of the original emis- 
sions. The presence of two closely-spaced components 
would be concealed within the slightly longer waveform 
of the echo taken as a whole. It is still possible to observe 
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the presence of two echo components in the crosscorrela- 
tion function for the echoes, and the data shown in Figure 
4C-E indicate that the bat’s image of a complex target cor- 
responds closely with this function. The difficulty is that, 
unlike the situation in target ranging experiments, the 
critical auditory representation of complex echoes probably 
is spectral in nature. 

The spectrograms of sonar emissions and echoes (Fig- 
ure 6) are built up within frequency channels that are 
originally established at the time sounds are transduced 
into nerve impulses by the inner ear. Each frequency 
channel is defined by the tuning properties of the recep- 
tor cell that activates the first neuron in the chain of neurons 
that constitutes the frequency channel itself. In bats, the 
band-pass filters that define each channel are moderately 
sharply tuned to their individual characteristic (center) fre- 
quencies, with low-frequency slopes of about 110 dB per 
octave and high-frequency slopes of about 260-290 dB per 
octave.5’? When an FM echolocation sound or echo passes 
through such a filter, the waveform that emerges is several 
hundred microseconds long and provides no cues in its 
time structure about whether just one echo or several echo 
components are present with separations as small as 50 
psec. Instead, the amplitude of the waveform that emerges 
from the filter represents the magnitude of the spectral com- 
ponent defined by the filter’s characteristic frequency. Two 
closely-spaced echo components interfere with or reinforce 
each other in the many channels that make up the whole 
receiver. For echo components separated by short inter- 
vals of up to about 100 y sec, the bat’s auditory system 
probably represents the structure of the echoes by their 
spectrum instead of by their timing.**°* The spectrum 
will have notches at frequencies determined by the time 
separation of the echo components. Thus, the depth struc- 
ture or range profile of the target is expressed in terms 
of the amplitude of the echo at different frequencies across 
the neural spectrogram (Figure 6). This is in contrast to 
the delay of echoes after emissions, which is directly 
represented by the time-interval between the spectrogram 
of the emission and the spectrogram of the echo. 

In the spectrograms shown in Figure 6, the shape of 
the target appears as a variation in the amplitudes 
represented along the FM sweep for the echo. Nevertheless, 
the results of the target ranging experiment with targets 
that have holes in their surfaces (Figure 4E) show that this 
spectral information somehow ultimately makes its way 
into the same range image that represents the delay of 
echoes. The spectrally-represented range profile is ap- 
parently perceived in terms of its equivalent effect on the 
crosscorrelation function of echoes rather than as a sepa- 
rate “spectral” feature of targets that is distinct from target 
range. The evidence is strong that the images of targets 
in echo jitter and target range discrimination experiments 
correspond to crosscorrelation functions that must have 
been computed from spectrograms such as those shown 
in Figure 6. The most parsimonious explanation for the 
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appearance of spectrally-represented echo structure in the 
same crosscorrelation functions is that the amplitude of 
each frequency component enters into the computation 
along with the time-of-occurrence of each frequency com- 
ponent. Only a spectrogram correlation process seems able 
to integrate both range profile and absolute range smoothly 
into a single image. It remains to be seen how this signal- 
processing model actually works in the bat’s brain. Does 
the spectrally-coded information appear in the neural 
responses evaked by complex echoes in the target range 
map, or is some fundamentally different display of shape 
created apart from the range map? 
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SEMICONDUGCTING 


DIAMOND 
TECHINOLOGY 


By Max N. Yoder 
Office of Naval Research 


The superlative properties of tetrahedrally-bonded 
carbon crystals (diamonds) have been known for over a 
decade. In most respects they exceed those of all other 
semiconductors. Described here is a brief history of the 
search for a synthetic diamond followed by a description 
of state-of-the-art approaches. Comparisons of diamond 
properties with those of other semiconductors are shown 
in the context of electronic devices and electromagnetic 
systems advantages that may be engendered by diamond. 


Background 


Diamonds have been known since biblical times, but 
artifact diamonds are comparatively new. As early as 1797, 
the diamond was known to consist solely of carbon. Various 
individuals have been credited with the distinction of be- 
ing the first to have synthetically produced a diamond, but 
few have been verified. Among the earliest is C. Cagniard 
de la Tour in 1832, but the products of his endeavors are 
not to be found today. Those supposedly made by J. B. 
Hanney of lithium metal, bone meal, and mineral oil sealed 
and heated in a wrought iron tube are currently on display 
in the British Museum. 

His 1880 fete was supposedly followed by Henry 
Moisson using his new invention of the electric arc fur- 
nace. This 1893 endeavor used sugar charcoal in molten 
iron followed by quenching in water. Percy Bridgman of 
Harvard University spent a lifetime pursuing diamond with- 
out success although he was most successful in synthesizing 
other crystals and developing high-pressure apparatus for 
which he received a Nobel prize in 1948. Gibbs showed 
that graphite could not turn into diamond unless the “ther- 
modynamic potential” of diamond was less than that of 
graphite. The mathematical expression for the ther- 
modynamic potential showed that if the pressure could be 
raised high enough, graphite would “receive ther- 
modynamic permission” to transform to diamond. Unfor- 
tunately, pressures exceeding 250,000 p.s.i. were required 
at moderate temperatures. This knowledge led to the Belt 
High Pressure Apparatus at General Electric wherein 
pressures of 2,500,000 p.s.i. and temperatures of 1,800 
degrees Celsius could be sustained for several minutes. 
With these techniques, over 150 tons of artifact diamonds 
have now been made. 


Bulk stones of indeterminate and irregular size did 
not, however, lend themselves to hard surfacing tools, the 
creating of optical windows, or the fabrication of diamond 
semiconductors. Chemical vapor deposition (CVD) came 
into its own in the late 1950's, and with it Professor John 
Angus of Case Western Reserve University began his open 
flow CVD depositions in the 1961-68 time period. This 
work was mostly known for the diamond-like hydrocar- 
bons it produced. B.V. Derjaguin of the USSR initiated 
closed tube CVD in the 1970's with limited success. A real 
stimulus for the synthesis of semiconducting diamond was 
the 1975 paper by D.K. Ferry wherein the electrical pro- 
perties of diamond were placed in perspective with those 
of other semiconductors. ! 

Microwave plasma work of the 1960’s by F.J. Vastola 
and later by B.E. Knox of The Pennsylvania State Univer- 
sity were adapted by the research team established at the 
National Institute for Research in Inorganic Materials in 
Japan in mid 70’s. There S Matsumoto and Y. Kato syn- 
thesized the first non-hydrocarbon diamond films on 
various materials. This pioneering work stimulated other 
Japanese efforts and there are now over 30 different 
organizations in Japan pursuing the synthesis of diamond. 
These pursuits have generated over 200 patents from 
1980-86. 

In the U.S.., the largest government funded efforts exist 
at The Pennsylvania State University, the North Carolina 
State Univesity, and at the Research Triangle Institute. An 
increasing number of privately funded efforts are also 
underway. Virtually all current contracts in the field are 
being administered by the Office of Naval Research. 


General Properties 


Semiconducting diamond is an indirect gap semicon- 
ductor having a bandgap of 5.45 electron volts. The con- 
duction band resembles that of silicon. The purest natu- 
ral diamonds have resistivities up to 10" ohm-cm and 
have negligible amounts of nitrogen or boron. Boron is 
known to act as an acceptor in diamond and to provide 
a blue color while nitrogen is a donor and provides a yellow 
tint. Natural diamond is not homogeneously doped; Nd- 
Na typically varies by as much as ten-fold over a small 
area. Electron mobilities in the vicinity of 1,800-2,200 
cm?/ Volt-seconds have been measured at room 
temperature, but the deep donor levels inhibit conduction 
at lower temperatures.” Electron charge carrier velocity 
is thought to saturate at about 2.310’ cm/sec beginning 
at electric fields as low as 20X10° Volts/ cm.' 
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While this value is about equal to that of the peak of Table 1 
the gallium arsenide static velocity field relationship, dia- 
mond has no negative differential conductivity. This means = Johnson figure of merit for selected semiconductor 
that charges can travel along a very long path without gain- = materials. 
ing mass and slowing. Stated differently, electron devices 





can be internally and integrally cascoded (charge carrier é, : - pr.2y eee t 
paths connected in series) without need for highly doped 3 si et 

low electric field regions to “retrieve” the electrons from (VOLTS/cH) —(CH/SEC)—(VOLTS/sEC) — DIMENSIONLESS 
their upper subsidiary conduction band high mass state. 

Several benefits accrue from this property. Chief among 3x1 10x17 = 9.5 x 100 9.0 x 102 al 
them is that the electrons need not be slowed to near zero ini ae a saad 
velocity between integrally connected devices. Thus, even 

though the electron mobility may not be equal to that of InP 6x 10° 2.0107 = 38.0x10!2 tau. u x 1073 16.0 


competing III-V materials, the average velocity over a two 
device path can be considerably higher in diamond. The 
absence of a highly doped, retarding electric field region cece aw ew Ses wt” ei 1137.8 
between two devices also significantly reduces quantum 

electron reflection which can account for up to 30% of DianoND 100x 10° = 2.7.x 107 g59.4x 102 73,856 x 1023 
electrons being reversed in direction as would be required 
in a IlI-V device. With an electric field breakdown 
strength of 10’Volts/cm, the area under the velocity-field 
curve for diamond is considerably larger than that of any Table 2 

other semiconductor. This directly correlates to high values o : 4 

for power-frequency products. In fact, the Johnson figure- Keyes’ figure of merit for selected semiconductors. 
of-merit (power-frequency squared-impedance product) for 
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diamond is 8,200 times that of silicon and about 1,000 times ME o,,¥sat® 

that of gallium arsenide as shown in Table 1. Another factor = ““*™ son " ee ve 
contributing to high figure-of-merit is a dieleciric constant units Wiem"C cm/sec —=«~dDIMENSIONLESS —w/ew#seci*c 

of 5.5 which is about half of that of conventional semicon- 

ductors. With a thermal conductivity 5 times that of cop- SiLicon 1.5 1.0 x 107 u.8 15.8 x 10? , 
per (20 times that of silicon), the packing density can also pea oy ee BER 7 bei oF 
be high. The Keyes figure-of-merit for diamond is 32 times ‘ 
that of silicon and exceeds that of all other semiconduc- INDIUM PHOSPHIDE = 0.72.0 x 107 14.0 8.4 x 107 608 
tors as is shown in Table 2. A hole mobility of 1900 cm?/ 

Volt-second is exceeded only by germanium in conven- B SILICON CARBIDE 5.0 2.5 x 107 9.7 90.3 x 10? a 
tional semiconductors. It is interesting to note that this hole 

mobility exceeds that of the ssi mobility of silicon. 9 7” ee ee, ae 
If complementary devices are constructed, the p-channel COPPER 3.98 N/A N/A N/A N/A 


need not be excessively larger than the n-channel to equate 
output currents. 
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Processing 


While many semiconductor materials aye subject to 
scratching during handling and processing, diamond is im- 
mune to this hazard as it is the hardest of all known 
materials as shown in Figure 1. Even though hard and 
virtually imperious to wet chemicals at room tempera- 
tuse, ion-beam-assisted etching rates of up to 200 nano- 
meters/minute have been obtained by Geis.* Using a 
variation of this process, it may be possible to digitally 
control the etching of diamond to one monolayer at a time. 
If so, this would provide a degree of control unmatched 
in any other semiconductor processing technology. 





Figure 1 


Diamond properties in comparison. 
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Impurity Doping 


The semiconducting nature of natural diamond was 
first discovered by Custers.5 Natural diamond is always 
p-type (type IIb). For many years it was thought that 
aluminum was the substitutional impurity. Collins and 
Williams® were able to show by Hall effect measurements 
that the very small concentration of aluminum could not 
be responsible for the acceptor concentration in natural 
diamond. Lightowlers and Collins’ were the first to show 
boron to be the natural acceptor. Although natural 
diamonds are not homogeneously doped (therefore render- 
ing Hall measurements difficult), the energy level of boron 
is generally thought to be 370 millivolts above the valence 
band. Nitrogen concentrations in natural diamond can 
reach nearly 1%; as a deep (e.g., 1 eV) donor, it is usually 
present in sufficient quantity to compensate the boron and 
aluminum present. Lithium has been shown to be a do- 
nor in diamond and can exhibit mobility exceeding 1,000. 
It is, however, interstitial and may not be useful for high 
temperature work. 

Ohmic contacts to n-type material have proven very 
difficult. With a bandgap of 5.45 electron volts, one may 
imagine that virtually every element in the periodic table 
will exhibit an energy level within the gap. Fortunately, 
excepting for elements in row | of the periodic table, most 
impurities are physically too large to fit in the diamond 
lattice. Diamond, being an exceedingly hard material with 
a very small lattice constant, is virtually impervious to 
diffusion. There are no known surface diffusion ex- 
periments which were undisputedly successful. Wilson® 
indicated that boron may have diffused under high 
temperature and high pressure, but the experiment was such 
that the possibility existed of a boron-doped epitaxial layer 
being formed instead. Wentorf and Darrow® indicate the 
efficacy of ion implantation of nitrogen. Clark and Mit- 
chell cast doubt on the ion implantation experiments.” 
A major problem with ion implantation is that activation 
temperatures above 1,400 Celsius in vacuum lead to a 
graphitization of the surface. One approach to circumven- 
ting this problem may be to place the diamond surface at 
a pressure above the graphite-diamond phase transition line. 








Carrier Dynamics 


Hall effect electron mobilities of up to 3,000 
cm?/volt-second have been measured in natural 
diamonds.*" Time-of-flight measurements have been con- 
ducted in diamond at temperatures from near absolute zero 
to 1,000K with respective mobilities of 20,000 to 200 
cm?/volt-second for electrons and 20,000 to 100 cm?/volt- 
second for holes.’ Hole velocity tends to saturate at 
around 10’/cm second at electric field strengths of 50,000 
volts/cm while electron velocity saturation may begin as 
low as 20,000 volts/cm and reach hard saturation at 100,000 
volts/cm. Velocities up to 2.5 x 10’ have been measured. 
While shallow donor impurity doping may prove difficult, 
the possibility of hot electron injection from a nearly lat- 
tice matched boron nitrite material of even higher bandgap 
exists. (See Figure 1.) 


Insulating Diamond 


With nearly 5.5 electron volts of forbidden bandgap, 
pure diamond is an excellent insulator at room temperature. 
Even at temperatures as high as 1,000 Kelvin, free carrier 
concentrations as low as 10° per cubic centimeter are 
typical. Resistivities of 10" to 10 inverse ohm-cm are 


typical. 


Photoconductivity 


There is no measurable photoconductivity in high 
quality diamond below the band edge. Most natural dia- 
mond has an 8 micrometer absorption line (probably due 
to hydrogen) and (in type la material) absorption is seen 
between 4.0 and 4.7 eV. 

Optica! losses, when present, in diamond are almost 
always lower (in any given portion of the spectrum below 
the band edge) than in any other material. 
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Synthesis 


Since natural diamond is non-homogeneously doped 
and not available in large boules, it is not readily adapt- 
able for semiconductor use. Hydrogen and nitrogen in nat- 
ural diamond limit its usefulness as an optical window, 
and it is not readily plated onto cutting tools. An incen- 
tive therefore exists to synthesize diamond films. In this 
synthesis, it appears to be broadly accepted that a car- 
bonaceous gas be chosen such that the carbon is sp3 
bonded in the gas state and that the carbon is held in this 
state through the transition from gas to crystal. It-is also 
broadly accepted that the growing diamond crystal sur- 
face not be permitted to reconstruct into dangling bonds 
and that the surface bonds always be terminated with 
hydrogen so as to preclude pi bonding. A consensus as 
to how these dual objectives are accomplished has not de- 
veloped. As growth temperatures above 900 Celsius lead 
to increasingly larger incorporation of graphitic (pi) bonds, 
the ideal substrate temperature must be lower than this. 
At such temperatures, virtually all carbonaceous gases con- 
taining exclusive sp3 bonds do not readily pyrolize. An 
external source of energy is necessary to accomplish three 
functions: (1) decomposition of the gas into (preferably) 
CHS3 radicals, (2) provide surface migration velocity other- 
wise supplied by high substrate temperatures, and (3) pro- 
vide energy sufficient to break the longer ligand bonds 
of surface impurities without damaging the underlying 
crystal. These energies are typically derived from noble 
gas plasmas. The technique in largest use is to immerse 
the growing film in a plasma of hydrogen, methane, and 
noble gas. While impressive results have been obtained 
in this manner, there is a large interdependance among 
various factors and control; reproducibility is difficult. 
Changes * plasma energy not only affect the density of 
methane radicals present, but also the substrate 
temperature. Ions present may create dislocations in the 
growing crystal structure. To obtain extra degrees of 
freedom, remote plasmas are increasingly used. In such 
an approach, the substrate temperature is independently 
controlled. Only a noble gas is subjected to the elec- 
tromagnetic field. The ions created are directed towards 
the growing film. In the path towards the film, they are 
first neutralized to form excited metastable state monomers 
and then permitted to interact with the carbonaceous gas 
injected immediately above the growth surface. It is thought 
that the chance of CH2 radicals being created is minimized 
in this manner. Ultra violet light generated by the plasma 
may be instrumental in generating unwanted CH and CH2 
radicals, although other experiments use UV light in place 
of metastable state monomers to affect the growth. Al- 
though much work remains to be accomplished in diamond 
thin film growth, there has been limited success at grow- 
ing single crystalline diamond films both epitaxially and 
heteroepitaxially. 
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In summary, diamond has several unique properties 
which make it the leading candidate for many applications. 
When considered for use, its hardness, thermal conduc- 
tivity, voltage breakdown, saturated charge carrier velocity, 
optical losses, or combinations of these properties 
significantly exceed that of competing materials. Being of 
simple structure, an understanding of its nucleation, syn- 
thesis, and growth is expected to lead to improvements in 
related materials as well. : 
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Profiles 
in Science 


Dr. Gerald Lucovsky is University Professor of Physics 
at North Carolina State University, which post he has held 
since 1979. Prior to that, he was with the Xerox Corpora- 
tion for many years, where he was Senior Research Fellow 
and Manager of the Xerox PARC General Sciences 
Laboratory. Since coming to North Carolina State Univer- 
sity, Professor Lucovsky has been a Principal Investigator 
for the Office of Naval Research, conducting research on 
bonding defects at semiconductor-insulator interfaces. Also, 
under ONR support, he has pioneered the area of remote 
plasma chemical vapor deposition as a technique for the 
deposition of insulating and semiconducting thin films. 
This technique has great promise for the preparation of 
high quality diamond material 
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Professor Lucovsky is renowned for his research and 
many publications pertaining to local atomic structure and 
vibrational properties in disordered solids. Of special note, 
this research has involved properties of interfaces between 
semiconductors and amorphous or crystalline insulators. 
He is also recognized for theoretical calculations of vibra- 
tional modes and in chemical bonding models for force 
constants and deep core states. 

Professor Lucovsky is a Fellow of the American 
Physical Society and the American Vacuum Society and 
a member of the Solid State Sciences Panel of the National 
Academy of Sciences. Also, he is Editor in Chief of the 
Journal of Vacuum Science and Technology. 














Revolutionary 
High Temperature 
Superconductors 


By Donald Gubser 
Naval Research Laboratory 


In October 1986, scientists at IBM Zurich reported 
that a material which they had been studying appeared to 
become superconducting (i.e. lose all traces of electrical 
resistance) at temperatures as high as 30K (—243 C). Con- 
firmation on this report was provided by scientists from 
Japan who reported their findings at a Materials Research 
Society meeting on 5 December in Boston. Research on 
these materials has exploded since these initial reports and 
the temperature at which superconductivity occurs has 
recently been reported at 100 K (— 173C ) by researchers 
at the University of Houston. 

Superconductivity was discovered in 1911 in Mercury 
with a superconducting transition temperature T, of 4K. 
Over the years, T, in has moved up until, prior to the re- 
cent discovery, the record T, was 23K in the compound 
Nb3Ge. These new materials represent a quantum jump 
in T, and will have as much (or more) impact on science 
and technology as the development of the microscopic 
theory of superconductivity or the discoveries of the 
Josephson effect and of high magnetic field super- 
conductors. 

These results are truly revolutionary. They mean that 
scientists must reexamine many of their long held concepts 
about the mechanisms producing superconductivity as well 
as the materials where it is most likely to occur. The ma- 
terial is a metallic ceramic oxide composed of the elements 
Lanthunum, Copper, Oxygen, and small amounts of ei- 
ther Barium, Strontium, or Calcium. The arrangement of 
atoms in the material as well as the unusually high super- 
conductivity suggest that new mechanisms may produce 
a host of novel physical properties in these materials. The 
normal interaction which produces superconductivity is 
a coupling of the electrons in a metal with the vibrations 
of host atoms. Other types of interactions which might 
enhance superconductivity in these materials are coupling 
between the free electrons and plasma oscillations of this 
same electron system. Similarly the layered structure of 
the material suggest that two-dimensional effects may be 
responsible for the high superconductivity. 

From a technological viewpoint, the new materials 
will permit applications of superconductivity with much 
simplified refrigerations systems. Applications range from 
large superconducting magnets used in such systems as: 
fusion energy reactors, electrical motors, energy storage, 
medical analysis (MRI) and elementary particle ac- 
celerators (SSC); to smaller scale electronic systems such 
as: magnetometers for medical or magnetic anomally detec- 
tion purposes, detectors of electromagnetic radiation, and 
high speed digital circuitry. These and many more super- 
conducting applications will now become technologically 
and economically viable options for a variety of uses. In 
many cases superconductivity is the only available option 
for an emerging technology. These new materials will speed 





the development of all superconductivity applications due 
to easing of the refrigeration requirements. 

The Navy has many uses for superconductivity, from 
motors for ship propulsion, to magnetometers for under- 
water ocean surveillance, to detectors of electromagnetic 
radiation. Research sponsored by the Office of Naval Re- 
search and the Office of Naval Technology has fostered 
development in superconductivity for many years primarily 
in the area of superconductive electronics. The Naval Re- 
search Laboratory has had ‘strong research programs to 
develop a fundamental understanding of the materials and 
phenomena of superconductivity and on the development 
of superconducting materials for both magnet and elec- 
tronic applications. Naval research and development centers 
such as the Naval Ship Research Development Center and 
the Naval Coastal Systems Center are developing systems 
applications for superconductivity such as ship propulsion 
and non acoustical magnetic detection systems. The new 
superconducting materials will have significant impact on 
all these research and development programs. 

Scientists at the Naval Research Laboratory are 
developing these new superconducting materials and stu- 
dying a variety of processing techniques to further improve 
their properties. The materials are made by mixing ox- 
ides and carbonates of Lanthanum, Barium, Strontium, 
and Copper in a platinum crucible and reacting at 
temperatures near 1000C to form the desired compound. 
This material is then pressed into shape and sintered at 
1000C to form bulk samples. The samples are then tested 
for superconductivity by cooling in a special dewar 
designed to measure the electrical resistance as a func- 
tion of temperature. The compounds made at NRL have 
superconducting transitions temperatures over 40K and are 
being used to test a variety of properties. Similarly, NRL 
theorists are actively engaged in efforts to understand the 
materials from a microscopic point of view. 

A major initiative is now underway within the Navy 
to understand and develop these materials for naval ap- 
plication. Once developed, superconductive systems are 
expected to play a dominant role in the high tech navy of 
the future. 
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Research Notes 


New Excimer Laser Concept 


Dr. Bernard Wexler of the Naval Research Laboratory 
(NRL), reports the conception, development, and suc- 
cessful laboratory-testing of a large-aperture, discharged- 
pumped excimer laser design which is expected to improve 
the efficiency and energy of such lasers. This research is 
funded by the Office of Naval Research. 

Rare gas excimer lasers, such as argon fluoride, kryp- 
ton fluoride, and xenon chloride have become useful in 
scientific research and could be applied to medical use, 
materials processing, and military applications. 

Excimers are molecules that exist only in their ex- 
cited states. Large populations of these molecules can be 
created (pumped) efficiently by passing electron beams or 
electric discharges through gas mixtures containing the ap- 
propriate parent atoms and molecules. Electron-beam pum- 
ping has been used for very high energy lasers. Discharge 
pumping, which has the potential for high efficiency and 
a high pulse repetition rate, has been used for smaller 
devices, including many commercial lasers. 

Dr. Wexler reports he has been using a concept 
originated by Mr. John D. Shipman, Jr., a consultant and 
former employee at NRL (presently employed by 
Sachs/Freeman Association, Inc.) to demonstrate that the 
inductance of these discharge lasers, particularly those with 
apertures 10 centimeters in diameter and greater, can be 
reduced by a factor of two or more. The technique uses 
careful geometric shaping of the electric fields of the la- 
ser head, so that flashover of the discharge along the walls 
is avoided. This flashover was previously avoided by keep- 
ing the walls farther away from the discharge region, 
significantly increasing the inductance of the laser head. 

Because the inductance adversely affects the rise time 
of the current pulse and consequently the efficiency of the 
laser, the use of the concept will increase the practical max- 
imum size, and therefore, the output energy of discharged- 
pumped excimer lasers. 

Alternatively, devices of a given energy can be con- 
structed in a smaller volume and the pulse length 
decreased, due to the low inductance, which can increase 
the instantaneous power available. Dr. Wexler cautions that 
the concept has been demonstrated for single pulse lasers 
only, but he believes that it should be possible to extend 
the use of the technique to repetitively pulsed systems, 
which require gas flow. 

(B. Wexler, NRL) 
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Cold Temperatures. Improve 
Semiconductors 


Scientists at the Naval Research Laboratory (NRL) 
are studying an emerging technology known as cold elec- 
tronics to improve the performance of semiconductor 
devices and microchips. This approach uses extremely low 
temperatures — much lower than that of dry ice (minus 70 
degrees Celsius) — rather than decreased dimensions for 
increasing the speed and improving the performance of 
the devices. Cold electronics could have widespread ap- 
plications in the Fleet as the need increases for faster and 
more dense electronic chips. 

The usual approach for achieving high speed and a 
large number of devices on a chip has been to progressively 
reduce the dimensions of each device and to place them 
closer and closer together. However, as the dimensions of 
the features of the devices are shrunk below about one- 
half micrometer (about one-onehundredth the diameter of 
a human hair), they become extremely difficult to fabricate, 
and it becomes very difficult to make many devices all 
working to specification. 

Dr. Martin Nisenoff of NRL’s Electronics Technology 
Division reports that these problems can be circumvented 
by cooling devices and chips to the temperature of liquid 
nitrogen (about minus 200 degrees Celsius). In this 
temperature range, the velocity of the electrons moving 
in the devices is three to ten times faster than at room 
temperature. Because the speed of the electrons is in- 
creased, they can travel over a longer distance in the same 
amount of time. Thus, larger devices using cold electronics 
can achieve the same speeds as smaller room-temperature 
devices. This avoids the fabrication problem and enables 
the production of devices that have a high yield. 

For most materials used to connect devices on a chip, 
the resistance of the metallic “wires” decreases as the 
operating temperature is reduced below room temperatures. 
This reduction in the electrical losses on the chip allows 
the devices to be more closely packed for chips cooled 
to very low temperatures compared with those operated 
at room temperature. 

Cooling of electronic devices to cryogenic 
temperatures is not new. Nisenoff explains that cooling 
has been successfully used for more than 20 years by radio 
astronomers who have used radio receivers cooled to liq- 
uid helium temperatures (about minus 269 degrees Celsius) 
to study the cosmic background of the universe. 
(M. Nisenoff, NRL) 

















Research Notes 


immune System Hormones Act Directly 
on the Stress Response of the Brain 


A recent “Science” article (29 November 85) by ONR 
investigators revealed that hormones secreted by 
macrophages, key cells in the immune system, directly ac- 
tivate the pituitary gland in the brain. The pituitary has 
long been known to respond to signals from the 
hypothalamus in the brain to release a hormone called 
ACTH, which in turn stimulates the adrenal gland over 
the kidney to secrete steroid hormones; steroids are in- 
volved in gene activation and a broad range of adaptive 
responses, but in excess can have maladaptive actions. 
Steroids are generally considered primary mediators of 
responses to stressful events. The findings by this group 
at the University of Texas Medical Branch in Galveston, 
headed by Dr. J. E. Blalock, clearly demonstrate that 
macrophage hormones, specifically interleukin-1 and 
hepatocyte-stimulating factor, are equally potent, or more 
so, as the hypothalamic hormones CRF and arginine 
vasopressin. This work demonstrates an unexpected but 
potentially very important signalling process going from 
the immune system to the brain and supports the new 
concept that the imrfune system serves as an extension 
of the central nervous system. 

(J. A. Majde, ONR) 


Superconductive Detector Used to Verify 
New General Relativity Prediction 


Using two Josephson junctions, vertically separated 
by about 10 cm. Professor James Lukens of the State 
University of New York has verified a new relativistic 
prediction of a potential difference variation in a gravita- 
tional field. For two years Lukens has been attempting to 
verify the so-called gravitational “red shift.” In these 
preliminary experiments, he connected a pair of vertically 
separated Josephson junctions in parallel to form a dc 
SQUID loop which was phased locked to a single voltage 
by a common microwave source. Due to the gravitational 
“red shift,” the voltages across the junction should differ 
by Delta V=Vgh/c? which is about 2.3 X 10~?! volts. 

Recently, the sensitivity of the experiment has been 
increased by about 100 times from that achieved two years 
ago. A resolution 10 times greater than the voltage dif- 
ference of 2 X 10~?! volts due to the “red shift” in the 
phase-locking radiation is routinely achieved. A most sur- 
prising result is observed. Lukens unambiguously measures 
the net loop voltage which turns out to be less than 5% 
of the difference in junction voltage due to the “red shift.” 
This requires the existence of an additional voltage dif- 
ference in the SQUID loop having an equal and opposite 
sign to that of the junctions. 

Such an effect, based on general relativity, has recently 
been predicted. It can be understood qualitatively as 
follows: a loop of superconducting wire carrying a cur- 
rent runs vertically in a gravitational field. Observers at 
different heights will measure different currents; however, 
since charge is conserved and their local clocks run at dif- 
ferent rates due to the differing field. Thus I=dQ/dt will 
vary with height along the wire. Now, imagine breaking 
the loop at some height, inserting a resistor and measur- 
ing the voltage drop. If this experiment is repeated at dif- 
ferent heights using the same resistor, then different voltages 
must be measured since the local observer measures dif- 
ferent currents. 

Lukens believes that the observation of this effect is 
at least on a par with the “red shift” as a test of general 
relativity. Anandeen, who predicted this new effect, claims 
that it represents an even stronger test since it is the first 
test of relativity theory involving charged particles. 

(R. Brandt, ONR) 
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Research Notes 


Methane Utilization in Deep Sea Mussels 


In research on life forms associated with deep sea hot 
vents, large numbers of clams and mussels have been noted, 
prompting questions of where these and related forms ob- 
tain their food. Recently, two ONR contractors, R. Mit- 
chell of Harvard University and M. E. Lidstrom of the 
University of Wisconsin at Milwaukee, reported in the jour- 
nal Nature on evidence for bacterial symbiosis as a food 
source. Bacteria living within large cells in the thick, fleshy 
gills of deep sea mussels apparently use methane dissolved 
in the sea as the energy source to convert the carbon in 
CO) into hydrocarbon compounds (i.e., food). The bac- 
teria are chemolithautotrophic: they chemically use the 
energy in mineral compounds (methane) to produce their 
own food (autotrophic) similar to the way that green plants 
produce their own food by using sunlight as the energy 
source (photosynthesis). The research on this new exam- 
ple of animals capable of using methane as a food source 
explains how they can do it: the bacteria in their gills ac- 
tually provide the food to the mussels in this symbiotic 
relationship. 

(B. Zahuranec, ONR) 


New Technique for Optical Information 
Storage Reported 


The first observation of a phenomenon called, “two- 
color, photo-gated spectral hole burning” in an organic ma- 
terial has been reported by Drs. W. E. Moerner, IBM 
Almaden Research Laboratory, M. Geherty, University of 
Munich, and co-workers in Chemical Physics Letters. This 
technique is being investigated for potential application for 
optical information storage in optical computers. This 
technique allows non-destructive reading of stored infor- 
mation a desirable quality for retrieval of information from 
optical storage systems. This fundamental research will 
provide the scientific base for fast and reliable optical com- 
puters for various Navy applications and is supported 
jointly by Office of Naval Research and IBM Corporation. 
(H. Guard, ONR) 
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Diamond Films 


Professor Rustum Roy at Pennsylvania State Univer- 
sity has succeeded in synthesizing diamond films. The 
films are produced from a microwave plasma (2.54 GHz, 
a gas mixture of methane and hydrogen). Films up to 0.5 
micrometer thick have been produced so far. The pres- 
ence of atomic hydrogen in the plasma is believed to be 
the key to the growth of the diamond phase, though the 
films do not contain an appreciable amount of hydrogen. 
There is evidence that changing the conditions so as to 
incorporate more hydrogen in the film could produce ma- 
terial having a hardness greater than that of single crystal 
diamond. Process conditions having primary importance 
to results are: (1) the relative proportions of the methane 
and hydrogen; (2) the substrate temperature; and (3) the 
position of the substrate relative to the plasma. 

Such films, because of their high hardness and op- 
tical properties, would be ideal protective coatings in a 
wide variety of applications, e.g. windows for sensors. This 
approach to the synthesis of diamond without the use of 
high pressure had been pioneered by the Setaka group at 
NIRIM, Tsukaba, Japan. Current efforts are focussing 
on understanding how to get faster film growth. 
(D. Polk, ONR) 
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